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Summary

In the production of integrated circuits (ICs), photolithography machines are used to project
a pa�ern from the reticle multiple times onto a wafer. �is step in the IC fabrication is crit-
ical for the minimal feature size and productivity of the process, which are both key cus-
tomer drivers that are subject to continuous improvement. Both the reticle and wafer are
positioned using electromagnetic motors, which provide a scanning motion, a reversal and
for the wafer also a step to the next die. �e actual exposure is performed during scanning
and requires approximately 50% of the cycle time, while the remaining time is required
for acceleration, deceleration and se�ling. �is non-productive time is reduced by con-
tinuously increasing electromagnetic motor acceleration potential, which is proportional
to magnetic �eld density. �is thesis describes research on a superconducting planar mo-
tor, targeting a 5–10x improvement in magnetic �eld density compared to state-of-the-art
planar motors used in semiconductor lithography.

Currently available, rare-earth barium-copper-oxide (ReBCO), high temperature super-
conductors (HTS) allow for current densities in the range of 100 kA/mm2 to 600 kA/mm2

within the 1 µm thick superconducting layer for a temperature range of 4 K to 20 K. �is
work proposes a direct current (DC) HTS coil as a replacement for currently used perma-
nent magnets, thereby increasing magnetic �eld density at the mover coil location. Fur-
thermore, a temperature of 4 K is targeted, which provides the highest superconductor
performance. �is electromagnetic motor application di�ers from existing HTS motor ap-
plications due to excitation by high dynamic forces from the mover coils combined with
highly accurate wafer positioning. �is requires high sti�ness (i.e. high natural frequency)
�xations for the cold components with respect to the room-temperature frame. Typical
e�ciencies for cooling at 4 K lie in the range of 0.04% to 0.14% for capacities of 1 W to
100 W. For a �rst prototype of a full magnet plate, the proposal is to use a small number of
small-scale coolers (2–3), providing a cooling capacity of 4 W to 6 W.

�e key challenges for the superconducting planar motor design, addressed in this the-
sis, are 1) an accurate performance estimation for a cost e�ective superconducting coil
geometry, 2) a thin (< 10 mm) thermal insulation in between superconducting and mover
coils, 3) a high sti�ness cold frame �xation with low (< 1 W) thermal conduction, and 4) a
mechanically robust coil design able to withstand cool-down and Lorentz force stresses.



ii Summary

Based on the minimal bending radius of 5.5 mm and magnetic pitch of 50 mm, super-
conducting coil inner and outer diameters of 15 mm and 65 mm are proposed. �e elec-
tromagnetic properties are derived for two coil heights, that is 12 mm and 8 mm, which
are both promising in terms of maximal magnetic �eld per unit of coil volume (i.e. cost).
�e coil with a height of 12 mm provides a maximal magnetic �eld density of 4.6 T at
the mover, which corresponds to an 8-fold increase compared to a state-of-the-art planar
Halbach permanent magnet array. Each superconducting coil experiences mover reaction
forces of ±3.0 kN and a�raction forces from oppositely polarized neighboring coils in the
magnet plate of 7.1 kN. A �rst order estimation of dissipated heat due to AC losses in the
superconducting coils, amounts to 9 W at 4 K, for a full-scale planar motor.

�e thin insulation, required on the cryostat top surface, is loaded by pressure di�er-
ences and mover landing forces. Two concepts are presented, one using struts to support
the thin vacuum vessel wall and the other using spherical spacers. �e concept using struts
performs best for pressure di�erences up to 105Pa, which is required for testing at atmo-
spheric conditions, and results in a heat load of 1.1 W at 4 K. �e concept based on spherical
spacers can be implemented in multiple layers, incorporating passive thermal shields. �is
insulation performs best at pressure di�erences below 100 Pa, which is realistic during nor-
mal machine operation.

�e cold frame �xation for the full magnet plate, designed for a minimal natural fre-
quency of 40 Hz, results in a heat load of 0.4 W at 4 K using stainless steel struts. A magnet
plate is presented that can withstand the loads experienced by the superconducting coils
and results in minimal reduction of magnetic �eld density at the mover coil location. A
cryostat demonstrator, for a magnet plate with 24 superconducting coils, is designed and
realized using the insulation and �xation solutions presented.

�e mechanical superconducting coil design is based on stress and strain computations
throughout the coil windings. Orthotropic material parameters are derived for the super-
conducting tape including a co-winding layer. Cooling down and energizing the simply
supported winding pack results in a maximal radial tensile stress of 23 MPa, which likely
de-laminates the superconductor. �is is prevented using winding tension and interference
�ts on inner and outer diameter to provide compressive stress. �e required winding ten-
sion depends on the co-winding material. Four alternatives are analyzed and compared,
that is, Kapton, stainless steel, solder and no co-winding. A winding tension of 160 MPa

provides su�cient compressive stress when co-winding with (25 µm thick) Kapton.

Based on the key challenges assessed in this thesis, that is, a cost-e�ective and mechani-
cally robust superconducting coil, a thin thermal insulation and a low-conduction mechan-
ical �xation, it can be concluded that a superconducting magnet plate, providing an 8-fold
increase in peak magnetic �eld density compared to state-of-the-art planar Halbach magnet
arrays, seems feasible.



Samenvatting

Voor de productie van computerchips wordt fotolithogra�e gebruikt om een patroon van
een masker meerdere keren te projecteren op een schijf van silicium (wafer). Deze stap
in het productieproces is bepalend voor de minimale afmetingen van componenten op de
chip en voor de productiviteit van het productieproces. De klant koopt nieuwe lithogra�e
machines met als doel deze aspecten continu te verbeteren. Elektromagnetische motoren
worden gebruikt om de scanbeweging, het omkeren en, voor de wafer, zijwaarts stappen
mogelijk te maken. Ongeveer 50% van de cyclus-tijd wordt gebruikt voor het scannen, de
rest is nodig voor omkeren en ui�rillen van de bewegende delen. Deze niet-productieve
tijd wordt verminderd door de maximale acceleratie, proportioneel met magnetisch veld-
dichtheid, voortdurend te vergroten. In dit werk wordt een supergeleidende planaire motor
onderzocht, gericht op een verbetering van 5–10x in magnetische velddichtheid.

Stroomdichtheden van 100 kA/mm2 tot 600 kA/mm2 zijn mogelijk in de 1 µm dikke
supergeleidende laag bij een temperatuur in het bereik van 4 K tot 20 K voor commercieel
verkrijgbare hoog temperatuur supergeleiders (HTS). Het voorstel in dit werk is om per-
manent magneten te vervangen door supergeleidende spoelen met constante stroom (DC),
zodat de magnetische veldsterkte wordt vergroot. Verder wordt gericht op een temper-
atuur van 4 K, omdat daarmee de supergeleiders maximaal presteren. De applicatie van
supergeleiders in elektromagnetische actuatoren verschilt van bestaande HTS-applicaties
vanwege de grote dynamische krachten terwijl nauwkeurige positionering moet worden
gewaarborgd. Hiervoor moet het koude frame met hoge stij�eid worden verbonden aan
het warme frame. De typische koele�ciëntie bij een temperatuur van 4 K ligt in een bereik
van 0.04% tot 0.14% voor een koelcapaciteit in een bereik van 1 W tot 100 W. Het voorstel
voor een eerste prototype is om een klein aantal kleinschalige koelers (2–3) te gebruiken,
met een capaciteit van 4 W tot 6 W bij 4 K.

De uitdagingen voor het ontwerp van een supergeleidende planaire motor die wor-
den besproken in dit werk zijn, 1) een nauwkeurige inscha�ing van de prestaties van een
supergeleidende spoel met kostene�ectieve geometrie, 2) een dunne thermische isolatie
(< 10 mm) tussen supergeleidende en bewegende spoelen, 3) een �xatie met hoge stij�eid
en lage warmtegeleiding (< 1 W), en 4) een robuust spoelontwerp dat de mechanische
spanningen van a�oelen en Lorentz krachten kan weerstaan.



iv Samenva�ing

Op basis van de minimale buigdiameter van 11 mm en een magneetsteek van 50 mm zijn
de binnen en buiten diameters van 15 mm en 65 mm voor de supergeleidende spoel bepaald.
De elektromagnetische eigenschappen van twee spoelen, met hoogtes van 12 mm en 8 mm,
beiden interessant in termen van maximale magnetische velddichtheid per volume een-
heid, zijn afgeleid. De spoel met een hoogte van 12 mm levert een magneetveld sterkte
van 4.6 T op de locatie van de bewegende spoelen wat overeenkomt met een 8-voudige
verbetering ten opzichte van een hoogwaardige magneetplaat met Halbach con�guratie.
Een supergeleidende spoel ondervindt motor reactiekrachten van±3.0 kN samen met con-
stante aantrekkingskrachten van 7.1 kN van tegengesteld gepolariseerde supergeleidende
spoelen. Verder is een eerste inscha�ing van AC-verliezen in de supergeleider gemaakt,
resulterend in een warmtebelasting van 9 W bij 4 K, voor een volledige planaire motor.

De dunne isolatie voor het bovenoppervlak van de cryostaat, waarvoor twee concepten
worden gepresenteerd, wordt belast met een drukverschil en de landingskrachten van het
bewegende motor deel. Het concept op basis van sprieten die de dunne wand van het
vacuümvat ondersteunen presteert het beste bij een drukverschil van 105Pa, wat het geval
is bij atmosferisch testen. De resulterende warmtebelasting is gelijk aan 1.1 W bij 4 K. Het
concept op basis van bolvormige afstandshouders kan in meerdere lagen worden geı̈mple-
menteerd. Daarmee wordt een betere isolatie bereikt ten opzichte van het sprietenconcept
bij drukverschillen onder de 100 Pa.

De �xatie van koude onderdelen voor de gehele magneetplaat, op basis van roestvast-
stalen sprieten, ontworpen op een minimale eigenfrequentie van 40Hz, gee� een warmte-
belasting van 0.4 W bij 4 K. Een magneetplaat ontwerp is gepresenteerd, dat de krachten
op de supergeleidende spoelen aankan en de magnetische velddichtheid minimaal vermin-
derd. Een opstelling is gerealiseerd voor 24 supergeleidende spoelen, gebruikmakend van
de isolatie en �xatie oplossingen.

Het mechanisch ontwerp van een supergeleidende spoel is gebaseerd op de spannin-
gen en rekken in de supergeleider. Orthotrope materiaaleigenschappen zijn afgeleid voor
de supergeleider met een extra laag mee gewikkeld. Het a�oelen en de hoge stroom door
de spoel resulteren in een maximale radiale trekspanning van 23 MPa, waardoor de su-
pergeleider delamineert. Deze spanningen worden voorkomen door te wikkelen met een
hoge draadspanning en door perspassingen op buiten en binnen radius te gebruiken. De
benodigde wikkelspanning hangt af van de extra laag waarvoor vier opties zijn geanaly-
seerd: Kapton, roestvast staal, soldeer en geen, zijn geanalyseerd. Een wikkelspanning van
160 MPa is nodig voor een 25 µm dikke Kapton laag.

Op basis van de uitdagingen besproken in dit werk, namelijk: een kostene�ectieve en
robuuste supergeleidende spoel, een dunne thermische isolatie en een �xatie met hoge sti-
j�eid en lage warmtegeleiding, kan worden geconcludeerd dat een supergeleidende mag-
neetplaat, met een 8-voudige verhoging van de magnetische velddichtheid ten opzichte van
bestaande hoogwaardige magneetplaten, mogelijk lijkt.



Nomenclature

Symbol Description

a acceleration [m/s2], axis of crystallographic orientation [–], accommodation
coe�cient [–], distance to neutral line [m], radius of Hertzian contact patch
[m], integral thermal strain [–]

A area [m2]
b axis of crystallographic orientation [–], thermal constriction radius [m],

anisotropic material parameter [–], body force polynomial coe�cient [T] and
[T/m], column of stress and strain components [mixed units]

B magnetic �eld density [T], matrix containing both compliance and sti�ness
values [mixed units]

c axis of crystallographic orientation [–], superconducting material constant [–],
sti�ness [N/m], contact resistance constant [–]

C heat capacity [J/kgK], sti�ness matrix [N/m2]
d diameter [m]
E Young’s modulus [Pa]
f �ll-factor [–], force density [N/m3], natural frequency [Hz]
F force [N], �eld factor [–], radiation view factor [–]
g right hand side functions of di�erential equation [m−1]
G Fabry factor [–]
h height [m]
H magnetic �eld strength [A/m], material hardness [Pa]
i current [A]
I current [A], second moment of area [m4]
j jerk [m/s3]
J current density [A/m2]
k lithography constant [–], superconducting material constant [–], constant for

residual gas conduction [–]
K motor constant [N/A], �gure of merit for electromagnet design [–]
l length [m]



vi Nomenclature

L electrical inductance [H], length [m]
m mass [kg], roughness slope [–]
M moment [Nm], mutual inductance [H]
n number of polynomial coe�cients [–]
N number of coolers [–], number of cycles [–], number of turns [–], number of

thermal insulation layers [–]
NA numerical aperture [–]
O origin of coordinate system [–]
p magnetic pitch [m], power [W], pressure [Pa]
P position vector [m], power [W]
q heat �ow [W]
Q heat [W], cooling capacity [W], auxiliary belt tension [N]
r radial coordinate [–], radial distance [m], radius [m]
R imaging resolution [m], electrical resistance [Ω], thermal resistance [K/W],

radius of bodies in contact [m]
s position [m], pitch [m]
S compliance matrix [m2/N]
t time [s], thickness [m]
T temperature [K], transformation matrix [–]
u voltage [V], displacement [m]
v velocity [m/s], column of stress and strain components [mixed units]
V volume [m3]
w width [m], distributed load [N/m]
W work [W], Wronskian [m−1]
x direction of coordinate system [–], horizontal position [m]
y direction of coordinate system [–], distance to neutral bending line [m]
z direction of coordinate system [–], vertical distance [m]
Z strain due to axial loads [–]

α exponent [–], ratio of outer to inner radius [–], superconducting material con-
stant [–], MLI coe�cient [W/m2K2], thermal expansion coe�cient [K−1], an-
gle of force vector [rad]

β ratio of height to inner radius [–], superconducting material constant [–], MLI
coe�cient [W/m2K4]

γ ratio of vertical distance to inner radius [–]
δ de�ection [m], interference [m]
ε di�use surface emissivity [–], mechanical strain [–]
ζ thermal strain column [–], anisotropic material parameter [–]
η e�ciency [–]
θ direction of magnetic �eld vector [°], rotation around z-axis [–]
λ light wavelength [m], thermal conductivity [W/mK]
µ permeability [H/m], coe�cient of friction [–]



Nomenclature vii

ν Poisson ratio [–]
ξ thermal strain column [–], anisotropic material parameter [–]
ρ mass density [kg/m3], electrical resistivity [Ωm]
σ Stefan-Boltzmann constant [W/m2K4], surface roughness [m], mechanical

stress [Pa]
φ superconducting material constant [–], rotation around x-axis [–], magnetic

�ux [Wb]
ψ rotation around y-axis [–]
ω superconducting material constant [–]

∆a di�erence in a
~a the a vector
â maximal value of a
ã normalized a (dimensionless)
|a| magnitude of a
a′′ a per unit of area
a the average of a
ȧ the time derivative of a
∇ · a divergence of a
∂a

∂x
partial derivative of a to x

a column with components of a vector

Abbreviation Description

2D two dimensional
3D three dimensional
AC alternating current
BCS Bardeen-Cooper-Schrie�er
COVID-19 corona virus 2019
DC direct current
DoF degree of freedom
DOF depth of �eld
DUV deep ultraviolet
EMF electro-motive force
EMS Energy, Materials & Systems group UT
EUV extreme ultraviolet
FC �eld cooling
FE �nite element
HTS high temperature superconductor
HV Vicker’s hardness
IC integrated circuit



viii Nomenclature

LHC Large Hadron Collider at CERN
LTS low temperature superconductor
MLI multi-layer insulation
MRI magnetic resonance imaging
N north-pole of magnet
NHMFL National High Magnetic Field Laboratory
NI non-insulated
PFM pulsed �eld magnetization
ReBCO rare-earth baruim-copper-oxide superconductor
S south-pole of magnet
TC thermal center
TU/e Eindhoven University of Technology
UT University of Twente
VM Von-Mises
YBCO y�rium-barium-copper-oxide superconductor
ZFC zero-�eld cooling
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Chapter 1

Introduction

In high-end semiconductor lithography machines, a wafer is positioned using a planar motor
such that a pa�ern can be projected with high accuracy and throughput. A higher magni-
�cation is pursued for future machines, which requires signi�cant improvements in motor
performance. To this end, superconductivity is investigated to increase the acceleration po-
tential. Based on a comparison of di�erent superconductors and types of application, a DC
superconducting coil using rare-earth barium-copper-oxide (ReBCO) thin-�lm material is fur-
ther investigated in this work. A stable low temperature environment (cryostat) is required for
the superconductor operation as used in MRI scanners and rotating superconducting genera-
tors and motors. A vacuum insulation, high thermal resistance �xations, electrical connections
with minimal thermal conduction and su�cient cooling capacity are required. When consid-
ering a single superconducting machine or proof-of-principle, multiple commercially available
cryocoolers can be used to provide cooling capacity. However, for more than 10 W at 4.5 K,
a large-scale cooler (e.g. cryoplant) has higher e�ciency and is more cost e�ective. A cry-
ocooler is considered here due to the small scale of a proof-of-principle. �e superconducting
motor overview shows the main components required. �is work describes the electromagnetic
coil design, cryostat including thin insulation and �xation, and the mechanical design of a
superconducting coil.
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1.1 Semiconductor lithography

In past decades, there has been an explosive growth in the number of electronic devices used
and encountered in every day life. �is change has been facilitated by doubling the number
of transistors on a single integrated circuit (IC) every 18 months [6] and by continuously
lowering cost. In IC manufacturing, the minimal feature size is de�ned by limitations on
the lithographic production step. Exceedingly smaller feature sizes have been achieved by
continuous technology development providing higher imaging resolution, depth of �eld
and positioning (overlay) accuracy. Next to the feature size, productivity and yield have
been mayor drivers in the semiconductor industry. Providing a lower cost per IC, which is
essential to remain competitive.

Imaging resolution R and depth of �eld DOF are de�ned by Equation (1.1) and (1.2),
respectively, with λ the imaging light wavelength,NA the numerical aperture of the optical
system and parameters k1 and k2 are empirical constants [6]. Current high-end lithography
machines use extreme ultraviolet light (EUV, λ = 13.5 nm) compared to deep ultraviolet
(DUV, λ = 193 nm), providing signi�cantly be�er resolution and depth of �eld. A next
generation machine (EUV High NA) is being developed, which increases the numerical
aperture from 0.33 to 0.55 [6], improving both �gures as well.

R =
k1λ

NA
(1.1)

DOF = ± k2λ

(NA)2
(1.2)

Finally, the reticle image is optically demagni�ed 4 times in current high-end wafer
scanners [6]. �is allows for the projection of small feature sizes on the wafer with accept-
able dimensional requirements for the reticle. A di�erent demagni�cation, 4x in x and 8x
y-direction is developed for the next generation EUV scanner to decrease mask shadowing
e�ects [6].

1.1.1 EUV TWINSCAN wafer scanner

Several main components of an EUV TWINSCAN wafer scanner are illustrated in Figure 1.1
and are discussed below. �e EUV light (purple) is generated in the source (bo�om right,
do�ed) and re�ected via multiple mirrors in the illumination and projection optics (light
yellow). �e light beam is conditioned in the illumination optics and used to illuminate
the reticle (red). �e projection optics are used to control the image and project it onto
the wafer (red). Both reticle and wafer stage (light green) provide positioning while their
forces are exerted on balance masses (dark gray). �e relative stage positions are measured
with respect to a metrology (metro) frame (yellow), which is supported on the base frame
(light gray) via vibration isolating air mounts (schematic springs). During exposure of one
wafer (right), a second wafer is loaded and, its location and height map are measured using
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the level and alignment sensor (dark green). �e movers switch places when the wafer
exposure (right) is �nished.

balance mass

balance mass

long stroke
coils

level / alignment
sensor

metro frame

base frame

reticle

wafer

illumination
optics

projection
optics

magnet plate
air

mounts

long stroke
motor

light
source

short stroke
motors

short stroke
motors

y

z

beam cross-section

y

x

φ

Figure 1.1: Schematic layout of an EUV TWINSCAN wafer scanner illustrating several main components. �e
light-path (purple), reticle and wafer stage (light green) are shown together with a metrology frame
(yellow), base frame (light grey) and balance masses (dark gray). Two identical movers (twins) are
used for positioning of the wafers, hence the name ”TWINSCAN”.

�ree main design principles [84], de�ning positioning accuracy, are recognized in Fig-
ure 1.1. First, accuracy is improved because the common position reference (metrology
frame) is not deformed by process forces. �is is known as the separation of position de�n-
ing and force bearing frames [56, 69, 77].

Secondly, both the reticle and wafer are positioned using two stage actuation. �e �rst
stage motors (orange) provide large stroke positioning (0.5 m to 2 m) with micrometer accu-
racy. �e second stage motors (light blue) provide small stroke positioning (1 mm) achiev-
ing nanometer accuracy [12] using single phase actuators. �is way, each stage requires an
actuator quality (position error divided by stroke [86]) of 10−6, which is less challenging
compared to a single stage with an actuator quality of 10−9.

�irdly, both the reticle and wafer stage long stroke motors (orange) exert forces on
balance masses (dark grey), which freely move in y direction for the reticle stage and in both
x and y directions for the wafer stage. �ereby, the base frame does not experience the full
actuation force reducing vibration excitation of both the base (light gray) and metrology
(yellow) frame [12].
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1.1.2 Productivity

Essentially, the EUV lithography machine performs a single production step, projection of
an image onto the wafer. Continuously performing this step, without waiting for other,
secondary steps, results in the highest productivity. Additionally, the EUV source together
with the optical system has been the main engineering e�ort for the past decade [119] and
represents a large part of machine cost. �erefore, the source should be e�ectively utilized
during the production process, making sure the light is on, most of the time. �is translates
in high up-time requirements with 80% currently achieved and 90% as the next goal [119].

A high productivity is feasible using the TWINSCAN principle, preparing a second
wafer (loading and measuring) during exposure of the �rst wafer. �ese wafers switch
places and the following exposure starts almost immediately, without waiting for prepara-
tions to be performed. However, during exposure, the light source is not continuously on.
�e actual duty cycle is de�ned by the motion pro�le as discussed below.

Motion pro�le

Both reticle and wafer are scanned with constant velocity (in y-direction), which is reversed
using a high order motion pro�le, at the pa�ern end. Additionally, the wafer stage takes
a sideways (x-direction) positional step to the next die. �e trajectory is shown partially
in Figure 1.2a. Additionally, the third order1 motion pro�les for velocity reversal and step-
ping are shown in Figure 1.2b, with the acceleration (red), velocity (green) and position
(blue) with respect to time. �e acceleration is trapezoidal, which results in a limited jerk
(derivative of acceleration) and actuator voltage [20].

step
scan

y

x

(a) Wafer (black circle) with �elds (green) and trajectory with step
(blue) and scan phase (red).

−vscan

vscanvy(t)
ay(t)

ay,max

t

t1 t2 t1

vx(t)
ax(t)

ax,max

t

−ax,max

sx(t)

s1

s2

sy(t) tstep

tscan/2 tscan/2

t3 t4 t3

(b) �ird order motion pro�le for one cycle, with position s (blue),
velocity v (green) and acceleration a (red).

Figure 1.2: Wafer stage trajectory and motion pro�les for x and y-directions.

1A third order pro�le describes the basic motion, higher order pro�les improve motion smoothness.
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�e acceleration in y-direction is linearly ramped from zero to maximum during time
period t1 (Figure 1.2b, top). �en it is held constant for a time period t2, a�er which, it
is ramped back down to zero. Choosing t1 = t2 leads to a minimal dissipation [20] and
Equation (1.3) for the time required for velocity reversal tstep,y (y-direction). Similarly, for
a positional step in x-direction, the acceleration is ramped-up (t3), held constant (t4) and
ramped-down again (t3). However, this acceleration pro�le is repeated in negative direction
to bring the velocity back down to zero. Choosing t3 = t4, for minimal dissipation, results
in Equation (1.4) for the time required to reach the next die tstep,x (x-direction).

tstep,y = 3
∆vy

2ay,max
(1.3)

tstep,x = 6

√
∆sx

3ax,max
(1.4)

�e times required for reversal and stepping equal tstep,y = 75 ms and tstep,x = 70 ms,
respectively, based on a scan velocity of vscan = 1 m/s, maximal acceleration of amax =

40 m/s2 [12] for both directions and x-direction step size of ∆sx = 16.5 mm (half �eld
exposure). �e step times must be exactly equal to achieve a synchronous motion. Using
tstep,y = tstep,x and rewriting gives Equation (1.5), which provides the required acceleration
for the x-direction as function of the y-direction.

ax,max
∆sx

=
16

3

(
ay,max
∆vy

)2

(1.5)

Time required for the scanning phase is given by Equation (1.6) with sy the length of a
�eld in y-direction, wslit the slit width of the light beam and tsett the se�ling time. A scan
time of tscan = 76 ms is found using sy = 26 mm, wslit = 2 mm and tsett = 50 ms [12]. �e
cycle time equals the sum of scan and step times resulting in tcycle = 151 ms and 50% of
this time is required for stepping.

tscan =
sy + wslit
vscan

+ tsett (1.6)

Figure 1.3 [108] shows the progress over the years in wafer stage acceleration (le�)
and machine productivity (right). �e acceleration is increased by a factor of 3–4 in 10
years while the productivity is increased more than a factor of 2 in the same period. �ese
metrics are correlated, which is partly explained by Equation (1.3) and (1.4), increasing
acceleration reduces the time required for stepping and consequently for the exposure cycle.
Additional improvements have been made in reducing the se�ling time [12], which adds to
the productivity increase as well.
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Figure 1.3: Maximal wafer stage acceleration and productivity as function of time [108].

1.1.3 Wafer stage motor

�e motion pro�les described previously are performed using a planar Lorentz motor [19].
A simpli�ed embodiment of such a motor is illustrated in Figure 1.4 and consists of 4 sets of
3 mover coils (forcers, orange), which are magnetically levitated above a magnet plate with
Halbach con�guration [18, 39, 104] (gray tones). Each forcer is supplied with three phase
commutated currents, which allows large stroke actuation using the alternating magnetic
�eld density [19]. Additionally, the forcers experience horizontal and vertical magnetic
�eld lines (section view, red do�ed) providing forces in both directions as indicated with
red arrows (in top view). �e actual force vector ~F is found by integrating the Lorentz force
over the moving coil volume as given by Equation (1.7) [19] with ~J the current density and
~B the magnetic �eld density vectors. Summation of the force generated by each of the
three mover coils gives a total force proportional to peak �eld density B̂, peak current
density Ĵ and the e�ective volume Vcoil,e, which is nearly independent of position due to
commutation [19] as given by Equation (1.8). A detailed description of force generation,
commutation and the magnetic �eld density is given in Appendix A.

~F =
y

~J × ~BdV (1.7)

~F ∝ ĴB̂Vcoil,e (1.8)

Lorentz motor acceleration

�e planar motor should provide a constant scan velocity with minimal variation together
with a maximal acceleration during stepping. Providing a constant velocity requires knowl-
edge of the actual �eld density distribution, which has higher order harmonics resulting in
force ripple and position dependency. �ese e�ects can be partially compensated by cali-
bration and are included in the analysis from Appendix A. Additionally, the motor should



1.1. Semiconductor lithography 7

NNNN

S S S

N

S

N

S

NNNN

S S S

N

S

N

S

section view

NNNN

S S S

NNNN

S S S

NNNN

S S S

NNN

N

S

N

S

N

S

N

N

S

N

S

N

S

N

x

y

top view

p

wm

wm

wH

4p

x

z

φ

θ

φ

ψ

back iron

hm

p

p

4p/3

mover coils stator magnets

1 2 3

Fy

flux lines

Fx

z

Fz

N

Fz

Fx
Fz

Fy

Fz

Figure 1.4: Top view and cross-section of a planar motor illustrating the working principle.

provide a maximal acceleration such that the time required for stepping is minimal. Equa-
tion (1.9) gives the acceleration, based on Newton’s second law, with F the force, mact the
moving actuator mass (i.e. mover coil mass), mpl the payload mass and ρm the mover coil
mass density.

a =
F

mact +mpl

∝ ĴB̂Vcoil,e
ρmVcoil +mpl

(1.9)

A higher acceleration can be achieved by increasing the (e�ective) coil volume. How-
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ever, this also increases mact, which is problematic when it reaches the same order as mpl,
the payload mass. A second strategy is to increase the peak current density Ĵ . However,
this results in a quadratic increase in dissipation as given by Ohm’s law (1.10) with ρe the
electrical resistivity. �is poses signi�cant challenges for cooling, which has already been
pushed to the limit. Finally, the magnet plate is optimized in [83] providing an increase
in magnetic �eld density B in the order of 20%. Additionally, new permanent magnet ma-
terials, providing higher �eld densities, are not foreseen in the near future. Achieving a
signi�cant improvement on currently used Lorentz motors is challenging.

Pdiss = I2R = J2Vcoilρe (1.10)

Improvement direction

Using superconductors in a motor application is investigated in this work and could pro-
vide a solution in two directions. Firstly, replacing the permanent magnets with supercon-
ductors providing a higher �eld density B. Secondly, using commutated superconducting
racetrack coils to provide a higher current density J with almost zero resistivity ρe. Both
options are considered in the next section.

1.2 Superconductivity

In 1911, Heike Kamerlingh Onnes investigated the electrical resistivity at low tempera-
ture. His experiments showed a sudden drop in the resistivity of mercury below 4 K, which
marked the discovery of superconductivity. Since then, many superconducting materials
have been identi�ed as illustrated in Figure 1.5 [110]. Di�erent material families are shown
with colored lines, such as conventional superconductors (dark green), which can be de-
scribed with the Bardeen-Cooper-Schrie�er (BCS) theory. Especially, the superconductors
niobium-titanium (NbTi) and niobium-tin (Nb3Sn), with critical temperatures of 10 K and
18 K, respectively, have been used in large quantities to built superconducting electromag-
nets for science applications and magnetic resonance imaging (MRI).

In 1986, ceramic superconductors (copper oxides, light blue) where discovered, exhibit-
ing superconductivity in the range of 30 K to 160 K. �e rare-earth barium copper oxide
(ReBCO) compounds are manufactured in thin-�lms and provide exceptionally high cur-
rent densities at high magnetic �eld density and temperatures in the range of 4 K to 50 K.
�is property is promising for high �eld magnets and motor applications. However, the
ceramic superconductors are not yet fully understood and no theory exists that describes
their properties based on existing principles [28]. �is complicates material selection and
speci�cation required for engineering applications.

Figure 1.5 is not up-to-date, the material sulfur hydride (H2S) in the top right corner has
been superseded in 2020 by carbonaceous sulfur hydride (C-S-H), which shows supercon-
ductivity at a temperature of 287.7 ± 1.2 K (14.6 ◦C) and pressure of 267 ± 10 GPa [93].
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�is is promising for future applications. However, the pressures are not practical from an
engineering point of view.

Figure 1.5: Critical temperature of superconducting materials versus their year of discovery [110].

A material is in the superconducting state when the temperature, magnetic �eld density
and current density are below critical values. �ese limits span a surface as shown in Fig-
ure 1.6 based on [41] for an y�rium barium copper oxide (YBCO) thin �lm superconductor,
which is representative for the application discussed in this thesis.
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Figure 1.6: Critical surface of YBaCuO with �eld perpendicular to the thin �lm surface. �e current density
corresponds to the superconducting cross-sectional area, which equals 4 · 10−3mm2 for a 4 mm

wide tape [97].
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�e maximal (i.e. critical) current density in the superconducting layer Jsc ranges from
15 kA/mm2 to 600 kA/mm2, which shows the high performance potential. �e critical cur-
rent density increases signi�cantly towards lower temperatures, indicating the preference
for a low operating temperature. A maximal current density of 100 kA/mm2 is possible
in the superconducting layer at a temperature of 5 K with an externally applied magnetic
�eld density of 16 T perpendicular to the superconducting thin �lm surface. A parallel �eld
would result in an even higher critical current density [112]. �is is known as the �eld angle
dependence, which is engineered into the material using doping strategies and is discussed
in Chapter 2.

1.2.1 Superconductors of interest

Figure 1.7 [73] shows the critical current density at 4.2 K within the superconducting layer
Jsc as function of magnetic �eld density for superconductors that are commercially avail-
able in long lengths. Critical current density measurements up to a magnetic �eld density
of 32 T are shown, as measured by the National High Magnetic Field Laboratory (NHMFL).
�e highest values are seen for the YBCO or more generally ReBCO (Re = rare earth: yt-
trium (Y), gadolinium (Gd), neodymium (Nd), samarium (Sm), etc.) superconductor, which
is of interest for this thesis as further discussed in Section 2.3.

Low temperature superconductors (LTS), such as NbTi and Nb3Sn, are shown as well.
�ese superconductors have been applied for multiple decades and are technologically ma-
ture. However, the critical current density is 1 to 2 orders lower compared to YBCO. �e
same holds for magnesium-diboride (MgB2) and bismuth-strontium-calcium-copper-oxide
(BiSrCaCuO, Bi-2212, Bi-2223).

1.2.2 ReBCO thin-�lm and bulk

�e ReBCO superconductors are available in thin-�lm (tape) and bulk form as shown in
Figure 1.8. Both have a single crystalline structure, which is grown epitaxially. For thin-
�lm, a chemical vapor deposition technique is used while a top seeded melt growth is used
for bulks [1, 90]. Between these forms, a signi�cant di�erence in �ll factor is seen, typically
1-3% for thin �lms while the bulk has a �ll-factor of 100%.

Even with the low �ll-factor for thin-�lm superconductors, a signi�cantly higher cur-
rent density is possible compared to normal electrical conductors. Using the thin-�lm to
wind a coil allows for generating a high magnetic �eld density by controlling the current.

On the other hand, bulks are magnetized (like permanent magnets) using an external
magnetic �eld exceeding the �nal remnant �eld [22]. Magnetization is performed in three
ways [1]. First, using zero-�eld-cooling (ZFC), the bulk is cooled, a�er which, the exter-
nal magnetic �eld is applied and removed. Secondly, using �eld-cooling (FC), the external
magnetic �eld is applied prior to cooling and removed at the low temperature. �irdly, us-
ing pulsed-�eld-magnetization (PFM), the magnetic �eld is applied in pulses a�er cooling.
�is last method requires smaller magnetization coils for providing the external �eld, due
to short term heating, which is absorbed in the magnet thermal capacity. �is makes PFM
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be�er suited for in-situ magnetization. A maximal remnant �eld of 17.6 T (centrally, on the
bulk surface) is achieved with �eld-cooling-magnetization [30], which is limited by large
Lorentz forces inducing mechanical failure (cracking) of the bulk [22].

According to [22, Sect. 4.4], no large-scale machines have been built with pre-magnetized
high temperature superconductor (HTS) bulks for three practical reasons, the machine must
remain at low temperature during assembly, forces are potentially an order of magnitude
higher compared to assembly of permanent magnets and the bulk magnetization can change
due to the changing external �eld during assembly. If these challenges are overcome, su-
perconducting magnets with remnant �elds up-to 17.6 T could be used.

Additionally, demagnetization of the HTS bulk is a challenge and occurs in several ways
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[22]. First, partial demagnetization can result from a small temperature rise when the per-
sistent current exceeds the critical value Jc corresponding to the new temperature. Fur-
thermore, total demagnetization occurs at temperatures above the critical temperature Tc.
Secondly, magnetic �eld density reduces due to �ux creep, which is a well understood phe-
nomenon and the rate of �ux creep decreases with time [22]. �irdly, demagnetization is
driven by changing external magnetic �elds and is described by a power lawB ∝ N−α with
N the number of cycles and the exponent α an increasing function of the external mag-
netic �eld magnitude. �e value for α ranges from 0.026 to 0.106, based on experiments
from [22]. Using the best-case value of α = 0.026, gives a reduction in magnetic �eld den-
sity of 44% over 10 years with a continuous external �eld variation of 15 Hz (tcylce = 67 ms).
�is corresponds to 9.5 T a�er 10 years when starting at 17 T.

1.2.3 ReBCO motor application comparison

Lorentz motors are frequently used in high-end positioning applications with the force
proportional to the current density and to the magnetic �eld density (1.7). Both can be
increased using HTS bulk magnets and DC or AC superconducting coils.

First, considering HTS bulks in linear or planar motors to replace permanent magnets.
Centrally located bulks experience the AC magnetic �eld from the mover more o�en than
others, resulting in varying demagnetization. Magnetic �eld variations and force ripple can
be reduced by periodically performing in-situ magnetization. Secondly, DC coils, wound
from superconducting tape, can be used to replace permanent magnets. �ese coils provide
a magnetic �eld density proportional to the current and to a geometry dependent constant
(Chapter 2). Both current and geometry are highly controllable using a suitable ampli�er
and a well-de�ned manufacturing process, respectively. �is provides a high degree of
control over the magnetic �eld density. �irdly, AC superconducting coils can be used to
replace the motor coils and provide a higher current density. However, superconductors
with alternating currents generate AC losses [13, 26, 75], which require signi�cant cooling
capacity at temperatures below 77 K. �ese three options are compared in [55] based on im-
provements in magnetic �eld density or current density compared to conventional Lorentz
motors with equivalent cooling requirements. �e estimated improvement is comparable
for all three options and equals approximately 5x [55].

A �nal consideration is about the voltage u(t) and power p(t) requirements for a motor
application as given by Equation (1.11) and (1.12), respectively, [19, 20]. �ese equations
are expressed in the current i(t), motor constant K , velocity v(t), electrical resistance R
and inductanceL. To show the e�ect of increasing acceleration, the equations are rewri�en
using Newton’s second law F (t) = ma(t), the motor force equation F (t) = Ki(t) and the
jerk j(t) = da/dt, resulting in Equation (1.13) and (1.14) for voltage and power, respectively.

u(t) = Ri(t) + L
di(t)

dt
+Kv(t) (1.11)
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p(t) = u(t)i(t) = Ri2(t) + Li(t)
di(t)

dt
+Ki(t)v(t) (1.12)

u(t) =
mR

K
a(t) +

mL

K
j(t) +Kv(t) (1.13)

p(t) =
m2R

K2
a2(t) +

m2L

K2
a(t)j(t) +ma(t)v(t) (1.14)

When increasing acceleration, it is desirable to increase jerk as well, such that the
maximal acceleration is reached within the same time. Using superconductors to increase
current density (AC coils) increases current, force and acceleration proportionally. Addi-
tionally, exchanging the normal conducting motor coils for a superconducting alternative
reduces the resistance R to nearly zero while the motor parameters K and L remain un-
changed. �ereby, the voltage is reduced on one side because the �rst (resistive) term nearly
equals zero. However, on the other side, voltage increases due to increased jerk in the sec-
ond (inductive) term. �e third (electro-motive-force EMF) term remains unchanged. Sim-
ilarly, for motor power, the �rst (resistive) term nearly equals zero. However, the second
(inductive) term increases quadratically due to the product of jerk and acceleration. �e
third (mechanical) power term increases proportional with acceleration.

Alternatively, using superconductors to provide a higher magnetic �eld density B (DC
coils or HTS bulks) increases the motor constant K , force F and acceleration a propor-
tionally to magnetic �eld density B, while the current i, resistance R and inductance L
remain constant. �ereby, for both voltage and power, the �rst (resistive) terms are not
changed upon increasing acceleration, a/K is constant. �e second (inductive) terms re-
main unchanged as well, j/K is constant. However, only the third (EMF, mechanical) term
increases proportional to acceleration.

Based on the considerations above, a DC superconducting coil providing a signi�cant
increase in magnetic �eld density (5–10x) is most promising for the application discussed
here. DC superconducting coils provide more control over the magnetic �eld density com-
pared to bulk magnets. Additionally, a DC superconducting coil is less demanding to the
ampli�er compared to an AC superconducting coil due to the lower power requirement.

�e superconducting material of choice is a thin �lm ReBCO conductor, which is com-
mercially available and allows for high current density in high magnetic �elds. �ese con-
ductors are costly, 40 $/m (in 2008) for a 4 mm wide 0.1 mm thick tape from SuperPower
Inc. [116]. For a magnet plate of 1.5 m by 2.5 m with a surface �ll factor of 50% and a
superconducting coil height of 15 mm gives a total superconductor volume of 0.028 m3.
Combining with the wire price from 2008 gives a total superconductor cost of 2.8M$ for the
full magnet plate. �erefore, an e�cient DC coil geometry, providing maximal �eld for a
given volume, is derived in Chapter 2. Additionally, a more detailed performance indication
is provided (compared to [55]).
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1.3 Cryostat design

�e main function of a cryostat is to maintain a stable low temperature, which requires a
balance between heat in�ux, generation and extraction as illustrated in Figure 1.9. Cooling
e�ciency decreases signi�cantly at lower temperatures [35], therefore, it is common to use
a thermal shield at an intermediate temperature and two-stage cooling.

Heat qin is transferred from the high temperature T1 environment (gray) to the thermal
shield at Ts (yellow). �e total heat qs,tot at temperature Ts is extracted by the �rst cooling
stage at Ts,cool. Heat transferred from shield (yellow) to cold frame (blue) q2 at T2 is extracted
using the second cooling stage at T2,cool. �is heat is transported to the compressor, which
discharges the work requiredW together with the heat extracted qtot to te environment (as
discussed in the next section).

Superconducting (SC) coils are installed on the cold frame for the application discussed
in this thesis. �ese superconductors have near zero resistance and do not generate signi�-
cant heat in DC operation. However, current leads and external AC magnetic �eld excitation
BAC from the mover coils result in heat generation qgen, which has to be extracted.

cold frame
qgen

q2

2nd stage

W + qtot

q2,tot

insulation

qin

Ts

T2

qs,tot 1st stage

cooling system

q1,tot

qtot

compressor

SC coils
T2

leads
Ts

amplifier
T1

qgen

Pe

electrical system

W

Ts,cool

T2,cool

BAC

environment

T1

cryostat

Figure 1.9: Illustration of heat �ow and cooling for cryostat applications. Heat transfer takes place from the
environment (gray) through the insulation (yellow) to the cold frame (blue). Additionally, heat is
generated qgen in the electrical system. All heat is extracted using a two stage cooling system.

Sustaining a large temperature di�erence T1 − T2 requires high thermal resistances to
the shield and cold frame preventing excessive heat transfer (qin and q2). Additionally, low
thermal resistances are required for heat transfer to the cooler (qs,tot and q2,tot) ensuring
small temperature di�erences over these connections.
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1.3.1 Cryogenic cooling

Cryogenic coolers, as introduced previously, are o�en based on the thermodynamic Stirling
cycle, which is illustrated by the pressure-volume (p-V ) diagram shown in Figure 1.10. �e
working gas (helium, almost an ideal gas) undergoes four thermodynamic phases. First,
isothermal compression at the high temperature level T1 (1-2, blue line), decreasing vol-
ume and increasing pressure while discharging heat Qdis to the environment. Secondly,
isochoric (constant volume) cooling to the low temperature level T2 (2-3, yellow line) while
extracting heat Qex, which is saved in the regenerator. �irdly, isothermal expansion (3-4,
red line), providing coolingQcool at the low temperature level while increasing volume and
decreasing pressure. Finally, isochoric heat addition Qadd (4-1, green line) using energy
from the regenerator, increasing pressure and temperature at constant volume. �ermal
energy is stored in the regenerator using heat capacity of solids, improving e�ciency by
reusing heat produced during the cycle.

Figure 1.10: Pressure-volume diagram for the Stirling cycle, which is transversed counter-clockwise for cool-
ing. T1 and T2 represent high and low temperature levels, respectively.

Small-scale cooling capacity

Di�erent types of coolers are available achieving a range of minimal temperatures. Coolers
manufactured by CryoMech and SHI provide up to 2 W of cooling capacity at 4 K together
with 55 W at 45 K [23]. A compressor provides high pressure helium gas (blue line, 1-2 in
Figure 1.10) to the cold head where it is cooled, expanded and heated (yellow, red and green
line, 2-3-4-1 in Figure 1.10). For the speci�c cold head discussed here, the cycle is performed
in two stages and the compressor has a power consumption of 12.5 kW in steady state. Four
of these coolers provide 8 W at 4 K and 220 W at 45 K, with a total power consumption of
50 kW for the compressors.

�e SPC-4T cooler from Stirling Cryogenics provides a capacity of 200 W to 300 W

at 20 K together with up-to 1200 W at 80 K [95]. �e compressor power consumption
equals 45 kW. However, no cooling capacity remains at a temperature of 12 K, which makes
achieving 4 K impossible.
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Cooling e�ciency and cost

�e e�ciency and capital cost for a large range of coolers (small- and large-scale) are dis-
cussed in [35]. E�ciency of cryogenic coolers is expressed in a percentage of the Carnot
limit, which is given by Equation (1.15) with Q the cooling capacity, W the work required
(i.e. power consumption), T1 the high and T2 the low temperature level. In [35], both e�-
ciency and capital cost are estimated using curve ��ing based on a large number of cool-
ers realized until 2007 even including data from before 1975. �e ��ed curves are plo�ed
in Figure 1.11 for small- and large-scale coolers. �e lines do not span the whole graphs
corresponding to the range of data points in [35]. Additionally, the standard deviation or
con�dence bounds are not provided while a signi�cant spread of data points is seen in [35],
ranging approximately±2x. In the le� plot, the horizontal red do�ed line represents the ef-
�ciency forN coolers with 2 W capacity each, increasing capacity with constant e�ciency.

ηCarnot =
Q

W
=

T2
T1 − T2

(1.15)
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Figure 1.11: Cooling e�ciency and capital cost as function of total capacity required at 4.5 K. Large scale
coolers (blue) provide higher e�ciency and lower cost compared to small scale coolers (red).

Based on Figure 1.11, it is concluded that multiple small scale coolers can be used to
achieve more than 2 W of cooling capacity at 4.5 K. However, from an e�ciency and cost
perspective, it is preferred to use a large-scale cooler (e.g. cryoplant) when more than
10 W of cooling capacity is required at 4.5 K. Large-scale coolers are typically placed at
some distance from the cryostat due to their size, which impacts cooling e�ciency due to
losses in cryogenic transfer lines (as low as 100 mW/m to 30 mW/m for liquid helium lines
[9, 43]). It is not clear if these losses are taken into account in [35].

Due to the dynamic nature of a motor application, heat generation is expected at low
temperature. Providing a thorough analysis and derivation for the amount of heat gen-
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eration is a challenge as illustrated in [25], which is not pursued in this work. However,
an indication is provided at the end of Chapter 2, which is in the order of 10 W. A solu-
tion based on small-scale coolers is assumed in this work, which is suitable for a proof of
principle and possibly for a single machine with superconducting motor. However, when
multiple machines are located in the same factory, it is interesting, from a cost and e�-
ciency perspective, to consider a single larger cooling system providing refrigeration to all
machines.

1.3.2 Heat transfer

Returning to the main function of a cryostat, providing a stable low temperature environ-
ment, including mechanical �xation of cold components and electrical connections. Fig-
ure 1.12 shows a schematic representation of a cryostat illustrating the components it is
comprised of and the corresponding heat loads.

vacuum vessel

cooler

W

W +Q

Pel

η = Q/W

mechanical
fixation

electrical
connection

T2

cold frame

qcond

qcond

qrad
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qrad
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Figure 1.12: Illustration of heat �ow through a cryostat and its components.

�e temperature di�erence ∆T = T1 − T2 in K drives heat transfer q = ∆T/Rth in
W, via three distinctive mechanisms, conduction, convection and radiation (red arrows).
�e vacuum vessel (gray) is pumped to a low pressure such that the remaining gas is in the
molecular �ow regime. �is eliminates convection, which is essential for a good insulation.
Additionally, passive and active shields are used to increase thermal radiative resistance and
improve cooling e�ciency by extracting most of the heat at temperature Ts (yellow). Fur-
thermore, mechanical supports of cold components are designed to provide the su�ciently
low conduction for a given sti�ness or strength requirement. Finally, electrical connections
are dimensioned such that the combined resistive heat generation and thermal conduction
is minimal at the cold temperature [80]. A detailed discussion of heat loads, �xations and
thermal insulation is given in Chapter 3.
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1.4 Superconducting planar motor overview

Figure 1.13 shows a schematic overview of a planar motor for lithography application with
DC superconducting coils generating a static magnetic �eld. �e top view shows two wafer
stages (green) with wafers (red) above a superconducting magnet plate (light blue). �e
magnetic �eld polarity (north or south-pole facing upwards) is shown in the top right corner
and two black crosses indicate the wafer measurement and exposure location, as explained
in Section 1.1. Fixation of the superconducting magnet plate is schematically represented
by the dark blue struts. �e cold frame (light blue) is surrounded by a thermal shield (yel-
low) and by a vacuum vessel (gray). �e thermal shield signi�cantly reduces cooling e�ort
(>20x Chapter 3) by removing a large part of the heat-leak at a higher temperature. �e
approximate outer dimensions of the vacuum vessel are 2.5 m × 1.5 m × 0.5 m, which is
drawn to scale. �e mover dimensions and magnetic pitch are drawn to scale as well, which
results in a total of 562 superconducting coils shown in the �gure.
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Figure 1.13: Schematic overview of a superconducting planar motor for a lithography application.
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�e cold frame, thermal shield, vacuum vessel, mechanical supports and superconduct-
ing coils are indicated in the side view as well. Additionally, a cryocooler, vacuum pump,
current leads and an ampli�er are shown providing an overview of the essential compo-
nents required. �e current leads (black and red) are shown in two parts, thick (copper)
leads to the thermal shield and long thin superconducting leads to the cold frame. Due to
the near zero resistance of superconductors at low temperatures, a long length (i.e. low
thermal conduction) can be used without high power dissipation. Sensors are not shown,
however, measurement of temperature and coil voltage is required for stable control of the
superconductors. Furthermore, a single cryocooler is shown, providing cooling capacity
locally, multiple coolers are required for heat loads above 2 W. A connection with high
thermal conductivity is required from the cooler(s) to all coils such that their temperature
is close to that of the cooler. �ermal uniformity is achieved when the connection of each
coil to the cooler has equal thermal resistance.

1.5 Problem Statement

�e design and development of a superconducting motor for a semiconductor lithography
machine is challenging because the performance, in terms of magnetic �eld density at the
location of the moving coils, must signi�cantly exceed that of current state-of-the-art elec-
tromagnetic motors to justify the cost and technical risks. Cold components must be �xated
with a high sti�ness and natural frequency to enable accurate position control, while a low
thermal conduction must be guaranteed. High alternating forces are exerted on the super-
conducting coils as a result of high accelerations in the motion pro�le, that are required to
increase productivity. Furthermore, the distance between mover coils at room-temperature
and superconducting coils at cryogenic temperatures must be small to bene�t from the
high magnetic �eld density. �is is challenging for planar motor design due to the large �at
surface (∼ 3.5 m2) required for the motion range. �ese are new challenges that are not
common in existing superconducting applications and have resulted in the research ques-
tion and three subquestions below.

How to design a superconductingmotor that requires minimal superconductor
volume, hence cost, that enables a 5 to 10-fold increase in magnetic �eld density
at the mover coil location, with a thin (< 10 mm) and �at (±0.1 mm) thermal insu-
lation minimizing the magnetic motor gap, and providing accurate superconduct-
ing coil �xation (±10 µm) while transmitting high dynamic forces (several kN) and
minimizing heat transfer, hence cooling capacity at low temperature?

• What superconducting coil geometry requires minimal volume to provide an increase
in magnetic �eld density of 5–10x at the mover coil location, given the boundary
conditions of an existing planar motor con�guration?

• How to design a cryostat with a thin and �at thermal insulation and a high sti�ness
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superconducting coil �xation, such that the total cooling capacity remains in the or-
der of 10 W at 4 K, which allows for cooling with a small number of small-scale
coolers (3–6)?

• How to design the superconducting coil manufacturing process, such that mechani-
cal failure is prevented, with su�cient safety margin, for all load-cases during both
manufacturing and operation?

�ese questions focus mostly on electro-mechanical and thermo-mechanical design as-
pects. In-depth thermo-electric analysis of superconductor quench behavior, based on an
extensive knowledge base on quench detection and mitigation procedures as described in
literature, is obviously of importance but, in view of limited time for a PhD research, not
pursued in this work.

1.6 �esis outline

�is work is divided in three main chapters, corresponding to each research subquestion.
Chapter 2 describes the electromagnetic coil design, deriving an e�cient geometry, which
provides maximal �eld for minimal coil volume. Furthermore, the electromagnetic prop-
erties of superconductors are discussed in more detail and taken into account deriving the
geometry. Measurements are performed on superconductor samples and compared to data
and models available in literature. Chapter 3 describes thin insulation and mechanical �x-
ation solutions. �e design and realization of a cryostat is presented incorporating a thin
insulation, mechanical �xation, heat shield and cold frame. Multiple magnet plate designs
can be �xated to the cold frame, of which one embodiment is presented. In Chapter 4, me-
chanical stress and strain within superconducting magnets is described. �e temperature
dependency of material properties is introduced and a mechanical material model is derived
to describe the superconductor. �is provides the required input data for describing inter-
ference �ts, winding, cool-down and Lorentz force induced stress and strain. �e results
are discussed while derivations are provided in the appendix. A coil fabrication strategy is
presented resulting in su�ciently low stresses for the main load-cases. Finally, conclusions
and recommendations are provided.



Chapter 2

Electromagnetic coil design

A superconducting coil geometry with maximal magnetic �eld density per unit of coil volume,
is derived in this Chapter. Additionally, the maximal current density, while remaining in the
superconducting state, is derived as function of temperature. First, the magnetic �eld density of
a circular coil with rectangular cross-section is analyzed. Next, the superconducting material
properties from literature, depending on magnetic �eld density, are included in the analysis,
resulting in a di�erent geometry. Based on these properties and a temperature of 4 K, a coil
geometry is de�ned providing a magnetic �eld density of 4.6 T at 10 mm above its surface.
Sensitivities of the magnetic �eld density to diameter and vertical distance variations are given.
A square array of superconducting coils (magnet plate), with heights of 8 mm and 12 mm,
is compared with the state-of-the-art Hallbach array of permanent magnets. For the largest
superconducting coils, an increase in peak �eld density by a factor of 8 is found. �e forces
experienced by these superconducting coils de�ne coil design and �xation. �e a�raction force
between oppositely polarized superconducting coils equals 5.0 kN resulting in a static force of
7.1 kN for coils on themagnet plate edge. Additionally, the peakmover force amounts to 3.0 kN

per coil. Finally, design considerations are provided discussing current density distribution, AC
losses, non-insulated coils, tape thickness variations and neighboring coil interactions.
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2.1 Introduction

An array of superconducting coils with alternating polarization (i.e. current direction)
forms a magnet plate as shown in Figure 2.1. Both superconducting (light and dark gray
for polarity) and mover coils (orange) are shown with a distance of 10 mm in between. �is
is su�cient for thermal insulation as discussed in Section 3.3. Additionally, the magnetic
pitch p (do�ed lines) of 50 mm is used. �is chapter describes the derivation of supercon-
ducting coil geometry, which de�nes a large part of the magnet plate design. Furthermore,
the resulting magnetic �eld density generates multiple forces on the superconducting coils,
such as mutual a�raction (red arrows), which are provided at the end of this chapter.
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Figure 2.1: Top and side view of three racetrack coils above an array of circular superconducting magnets.

2.2 Electromagnet geometry

�e superconducting coil geometry is derived by maximizing the magnetic �eld density
generated, for a given volume. �is minimizes the conductor cost for a desired magnetic
�eld density, which is necessary because high temperature superconductors are costly (in
the order of 40 $/m for 4mm wide tape). �e analysis is based on Chapters 1, 6 and 8 from
[72], which provide a coil geometry for maximal central magnetic �eld density. �is is
extended to maximizing magnetic �eld density at a point above the coil.

A circular coil is analyzed and no signi�cant improvement is expected when winding
the coil on a more square shaped mandrel due to the minimal bending diameter of 11 mm

for the superconductor [97]. A uniform current density distribution is assumed throughout
the coil cross-section. Furthermore, coil material is not discussed here, because it has an
indirect in�uence on magnetic �eld density. �e next section describes superconducting
material properties de�ning the maximal current density.

Figure 2.2 shows the coil geometry with its dimensional parameters. �e le� illustra-
tion shows the coil top view indicating the current density direction. �e second illustration
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from the le� shows a cross-sectional view indicating coil height h, inner di and outer di-
ameter do. Additionally, the point of interest at a distance z above the coil is shown. �e
third illustration from the le� shows a cross-sectional view with dimensionless geometric
parameters α = do/di, β = h/di and γ = z/di, used in this section. �e right illustration
shows the superposition principle used here. �e central magnetic �eld density of a coil
with height 2γ is subtracted from the central magnetic �eld density of a coil with height
2β + 2γ. �e resulting value is divided by two, providing the magnetic �eld density at the
point of interest, for a coil with height β.
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Figure 2.2: General coil geometry shown in top view and cross-section. �e normalized parameters are illus-
trated as well together with the superposition principle.

�e central magnetic �eld density B0 in [T] is given by Equation (2.1), with µ0 [-] the
vacuum permeability, J the current density in [A/m2] and di the inner coil diameter in [m].
�e dimensionless �eld factor F is given by Equation (2.2) and describes the e�ect of coil
shape on magnetic �eld density. �ese expressions are equivalent to [72, p. 3, 4, 227] using
SI-units and B = µ0H . �e superposition principle described above, gives Equation (2.3)
for the magnetic �eld density B(z) on the coil axis. A new, z dependent, �eld factor Fz is
de�ned, Equation (2.4), which represents the combined �eld factors from superposition.

B0 =
µ0Jdi

2
F (α, β) (2.1)

F (α, β) = β ln

(
α +

√
α2 + β2

1 +
√

1 + β2

)
(2.2)

B(z) =
µ0Jdi

4
Fz(α, β, γ) (2.3)

Fz(α, β, γ) = F (α, 2β + 2γ)− F (α, 2γ) (2.4)
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�e coil inner diameter is chosen at di = 15 mm, which provides a safe margin to the
minimal bending diameter of 11 mm. Furthermore, the vertical distance above the super-
conducting coil is chosen at z = 10 mm (Figure 2.1) resulting in γ = 2/3 = 0.67. �e
maximal coil outer diameter equals 70.7 mm (α = 4.7) based on the magnetic pitch of
50 mm. A value of do = 65 mm (α = 4.3) is chosen, providing a margin for coil �xation.

A contour plot of the z dependent �eld factor Fz(α, β, γ) is shown in Figure 2.3 for γ =

0.67. Logically, large values forα and β, i.e. a large coil volume, Equation (2.5), provide high
magnetic �eld density. However, high temperature superconductors are costly. �erefore,
for all values of �eld factor Fz , the minimal volume is derived (dashed line), which gives
β = 0.80 for α = 4.3 corresponding to a height of h = 12 mm. Equation (2.5), (2.6) and (2.7)
describe coil volume V , dimensionless volume and volumetric e�ciencyB/V , respectively.
�e factor Fz/Ṽ is plo�ed in Figure 2.4 for γ = 0.67, which shows that low values for α
and β are bene�cial for high volumetric e�ciency.

V =
π

4

(
d2o − d2i

)
h =

π

4
d3i Ṽ (α, β) (2.5)

Ṽ (α, β) = (α2 − 1)β (2.6)

B

V
=
µ0J

πd2i

Fz(α, β, γ)

Ṽ (α, β)
(2.7)
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Figure 2.3: Field factor Fz given by Equation (2.4)
for γ = 0.67.
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Figure 2.4: Dimensionless geometry factor Fz/Ṽ
from Equation (2.7).

�e minimal volume curve represents all combinations of α and β, which maximize
both �eld density and volumetric e�ciency. �is curve is found by maximizing the product
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of �eld density and e�ciency, which is given by Equation (2.8). �e square root ensures
that the resulting �gure of merit is proportional to current density. �e (z-dependent) Fabry
factor Gz is a known �gure of merit and is de�ned by Equation (2.9) [72, p. 6].

KB(α, β, γ) =

√
B · B

V
=

µ0J

2
√
πdi

Gz(α, β, γ) (2.8)

Gz(α, β, γ) =
Fz(α, β, γ)√
Ṽ (α, β)

(2.9)

Maximizing Gz for a constant volume results in a coil shape that provides maximal
magnetic �eld for that volume. Finding the maximum analytically by derivation is tedious,
however, a fast and simple numerical method is available, referred to as the golden section
search [78, p. 286], and is implemented here. �e Fabry factor Gz is plo�ed in Figure 2.5
together with the minimal volume curve (min Ṽ , dashed) and constant Ṽ lines (do�ed).
�e working point, based on the parameters above, is shown as well (black dot) resulting
in Gz = 0.234, which equals 88% of the global maximum for the given value of γ.
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Figure 2.5: Fabry factor: Gz = Fz/
√
Ṽ together with the minimal volume curve min Ṽ .

�e maximum of Gz is indicated with a black cross corresponding to α = 8.5 and
β = 2. �ese α and β would results in a height of h = 30 mm and outer diameter of do =

127.5 mm, requiring a magnetic pitch larger than 90 mm, which is considered unpractical.
Next to using the Fabry factor Gz , Equation (2.8) shows an improvement when reducing
the inner diameter. Additionally, for a superconducting coil, the current density J depends
on geometry as well, which is taken into account in Section 2.3.

Until now, γ = 0.67 was used for the computations. Figure 2.6 shows the minimal
volume curve for di�erent heights above the coil, i.e. γ values. �e minimal volume curves
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are almost linear and can easily be used to �nd the desired β for a given α and γ in an early
stage of the design. If we choose to use minimal volume for a given �eld density, α, β and Ṽ
are interdependent. �is allows for plo�ing the minimal volume as function of �eld factor
Fz and height above the coil γ as shown in Figure 2.7. Logically, decreasing γ provides a
higher �eld factor for the same volume.
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Figure 2.6: �e minimal volume curve min Ṽ versus α and β for di�erent values of γ.
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Figure 2.7: �e minimal volume min Ṽ required for a given �eld factor Fz and height above the coil γ.

When the inner and outer diameter are chosen up-front and we choose to use the min-
imal volume curve, α and β are known. For a given location above the coil z and current
density J , the value for γ and Fz are de�ned and the resulting magnetic �eld density is
known.
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If the desired magnetic �eld density B and inner diameter di are chosen up-front and
the current density J is known, Equation (2.3) is used to compute Fz . Together with a
known value for γ and Figure 2.7, the minimally required coil volume is found. Values for
α and β are found using Figure 2.6. �ereby, a geometry is de�ned, which requires minimal
volume for the desired magnetic �eld density.

2.3 Coil current density

�e maximal current density a superconductor can conduct, in the superconducting state, is
referred to as the critical current density [27, 100]. �e material transitions from the (ther-
modynamic) superconducting state to the resistive state, when the current density is above
the critical value. For high temperature superconductors, this limit depends on three vari-
ables: the magnetic �eld density magnitude | ~B|, �eld direction θ, and absolute temperature
T . �e relation between these variables is material dependent as shown by measurement
data from [112]. Figure 2.8 shows the composition of high temperature superconducting
(ReBCO) tapes [97] with the crystallographic orientation of the superconductor indicated
by the a, b and c-axis. �e �eld angle θ (in 3D space) is de�ned with respect to the c-axis.
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50-200 µm

Figure 2.8: Commonly used composition of high temperature superconducting tapes. �e crystallographic
orientation is shown with respect to the tape built-up. �e �eld angle θ is de�ned in 3D-space.

2.3.1 Superconducting properties

�e critical current density of a superconducting tape Jc = Ic,tape/Atape is de�ned using the
tape cross-sectional area Atape. Figure 2.9 shows the critical current density Jc as function
of magnetic �eld density B (sum of all magnetic �elds at the superconductor location)
and absolute temperature T for �eld angles θ = 90◦ and θ = 0◦ [91] for 0.1 mm tape
thickness. �e magnetic �eld perpendicular to the tape surface (θ = 0◦) results in lower
critical currents than parallel magnetic �eld. Furthermore, decreasing temperature results
in a signi�cant increase in current density.

Clearly, the critical current is a non-linear function of the variables B and θ. Addition-
ally, available datasets in literature are limited to speci�c �eld angles and temperatures as
presented in Figure 2.9. Linear extrapolation to predict Jc at larger �eld densities B, di�er-
ent angles θ or lower temperatures T does not provide high con�dence. However, this is
improved by ��ing semi-empirical models from literature.
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Figure 2.9: Critical current density Jc as a function of B and T for θ = 90◦ and θ = 0◦ [91].

Achieving maximal �eld in minimal volume, to maximize motor performance and min-
imize cost, requires maximal current density, which is achieved at the lowest temperature
e.g. 4 K. Additionally, the superconductor performance varies between suppliers and Su-
perPower provides tapes with the highest critical current densities at 4 K [3, 105, 124]. Sig-
ni�cant diversity in tape performance is seen, even for tapes with a single type speci�cation
[41, 91, 113], which complicates the performance estimation.

Equation (2.10) and (2.11) are given by [41, (13), (20)] and describe the superconducting
properties with k0,1 proportionality constants, β0,1 constants accounting for the conductor
self-�eld, α0,1 the power law constants describing �eld dependency, ω(B) the peak sharp-
ness parameter, φ1 de�nes the angular location of the peak and c is a ��ing parameter.
Additionally, the critical current is proportional to (1−T/Tc)αT according to [25, 115, 122]
with T the absolute temperature, Tc the critical temperature and αT a ��ing parameter
slightly larger than 1. Combining results in Equation (2.12), which is used to generate the
three dimensional and contour plot shown in Figure 2.10 and 2.11, respectively. A tape
width of wtape = 4 mm and thickness of ttape = 0.1 mm are used together with the values
stated in Table 2.1 from [41, 115].

Ic(B, θ) =
k0

(B + β0)
α0

+
k1

(B + β1)
α1

[
ω(B) cos2(θ − φ1) + sin2(θ − φ1)

]−1/2 (2.10)

ω(B) = c

[
B +

(
1

c

)1/0.6
]0.6

(2.11)

Jc(B, θ, T ) =
Ic(B, θ)

wtapettape

(
1− T

Tc

)αT
(2.12)

Five samples of ”Surround Copper Stabilizer (SCS) Advanced Pinning (AP)” supercon-
ducting tape (4 mm and 12 mm wide) are ordered at SuperPower Inc. and electromagnetic
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Figure 2.10: 3D plot of the critical current density model Jc(B, θ, 4.2) as a function of B and θ for T = 4.2 K

using the parameter values from [41].
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Figure 2.11: Contour plot of critical current density Jc as a function of B and θ for T = 4.2 K from [41].

Table 2.1: Model parameters from [41, 115] and measurements by the EMS-group at University of Twente.

Parameter k0 k1 α0 α1 β0 β1 φ1 c Tc αT
Lit. [41][115] 8870 18500 1.30 0.809 13.8 13.8 −0.180° 2.15 90.7 K 1.15
Measurement 3619 0.877 0.888

properties are measured by the Energy, Materials & Systems (EMS) group at the University
of Twente. Measurements are performed at 77 K without external �eld and at 4.2 K with an
external �eld up to 14 T (θ = 0◦). �e results are shown in Figure 2.12 with �eld and tem-
perature dependency in the le� and right plot, respectively. �e �rst term of Equation (2.10)
is ��ed (red dashed line) providing the parameters in Table 2.1. �e literature model [41]
is plo�ed as well (purple line), which shows the same order of magnitude, however, the
maximal di�erence equals 30%. �e right plot shows two blue crosses representing mea-
surement at 4.2 K and 77 K. �e critical current could not be measured at 4.2 K and 0 T
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because it exceeded the maximal ampli�er current of 1 kA. �erefore, the measurement
with 3 T is shown at 4.2 K. Additionally, at 77 K, the superconductor experiences a non-
zero self-�eld [32]. �e right plot also shows two purple lines representing the literature
model at 1 T and 3 T, which are close to the measurement data providing some con�dence
in the temperature dependency.

�e work presented by [41] has a focus on high �eld magnets, which require maximal
performance in minimal volume as well. �erefore, parameters from [41], stated in Ta-
ble 2.1, are used in the rest of this thesis, providing an estimation of performance potential.
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Figure 2.12: Critical current density Jc measurements and model �t as a function of �eld density B (le�) for
T = 4.2 K and as function of temperature T (right). �e �eld direction is perpendicular to the
tape, θ = 0◦, for both graphs.

2.3.2 Magnetic �eld within coil

Winding a coil (di = 15 mm, do = 65 mm and h = 12 mm) with superconducting tape and
providing the cross-section with an engineering current density of Je = 1 kA/mm2 results
in the magnetic �eld density B shown in Figure 2.13. �e black rectangle illustrates the
coil, colors and thin solid lines show the �eld density magnitude and do�ed lines represent
magnetic vector potential. �e �eld density is computed using the equations given in [21],
providing the analytical solution with trigonometric integrals, allowing for fast (17 s for
Figure 2.13) and accurate (several hundred signi�cant �gures [21]) numerical integration.

�e highest �eld density equals Bmax = 11.7 T, which is located on the inner winding
at r = di/2 and z = −h/2. Clearly, a magnetic �eld is generated at the superconductor
location, which limits the current density J in the superconducting tape. External magnetic
�eld densities from mover coils are in the order of 0.1 T (Jmover = 35 A/mm2) and are not
taken into account here.

A distinction is made between the engineering current density in the coil Je, the current
density in the superconducting tape Jtape and the limiting value Jc given by the supercon-
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Figure 2.13: Field density B in the coil geometry from Section 2.2 with J = 1 kA/mm2

ducting material properties. Both Jtape and Jc are de�ned using the tape cross-sectional
area, including the substrate and stabilizing layers. �e current density in the supercon-
ducting layer is approximately 100 times higher. �e coil engineering current density Je is
given by Equation (2.13) and determines the magnetic �eld density via the equations pre-
sented in Section 2.2. With N the number of turns, Itape the superconducting tape current
in [A], Acoil the coil cross-sectional area in [m2], Atape the tape area and Ains the electrical
insulation area. �e �ll factor is given by ff = ttape/(ttape + tins) and equals 0.67 using
ttape = 100 µm and an estimated insulation thickness of tins = 50 µm.

Je =
NItape
Acoil

=
Itape
Atape

Atape
Atape + Ains

= Jtapeff (2.13)

�e �eld magnitude experienced by the superconducting tape is plo�ed as a function
of �eld angle θ as shown in Figure 2.14a and 2.14b (black dots). Each black dot represents a
point (r,z) in the coil cross-section with a magnetic �eld density magnitude |B| at an angle θ
to the tape. Engineering current densities Je of 1000 A/mm2 and 1300 A/mm2 are used for
the le� and right �gures, respectively. Using ff = 0.67 given previously, the corresponding
current densities in the superconducting tape Jtape equal 1500 A/mm2 and 1950 A/mm2.
A contour line of the superconducting material model Jc is plo�ed (solid line) using Jtape
the tape current density.

In the le� �gure, the maximal �eld experienced by the superconductor (black dots) is
lower (for all angles) than the material limiting �eld density (solid line) at a current den-
sity of 1500 A/mm2 in the superconducting tape. In the right plot, the current density is
increased to 1950 A/mm2 in the superconducting tape, increasing the �eld density gener-
ated by the coil (black dots) and decreasing the material limit (solid line).

Figure 2.14b shows the limiting case. Further increasing the current density would result
in a lower material limit and higher �eld density in the coil. �is results in a transition from
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(a) Jtape = 1500A/mm2, which is below the critical value.
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(b) Jtape = 1950A/mm2, which equals the critical value.

Figure 2.14: Field density magnitude |B| experienced by the superconductor as function of �eld angle θ (dots)
together with the material critical current density Jc (solid line) in [A/mm2] at 4.2 K.

superconducting to normal behavior because some points, at an angle of approximately
±30° (indicated with red circles), experience a higher �eld than the material limit. �is
result shows the importance of an accurate model for all angles, because the current density
is not limited by �eld at 0° or 90°, for which measurement data is available. Furthermore, the
points almost crossing the solid line are located on the coil top and bo�om faces (z = 0,−h).
�is suggests that resistive behavior starts at the outside coil faces where heat is easily
extracted. However, this is only true for a uniform current density, which is not guaranteed
[114] and requires further research.

2.3.3 Critical current density

�e �eld magnitude is proportional to the current density J , thus it can be scaled to any
desired current density as given by Equation (2.14). Furthermore, the �eld direction θ is
independent of the current density. Each point in the coil cross-section experiences a �eld
B(Je) at an angle θ resulting in a critical current density Jc based on the material model.
Equation (2.15) gives the di�erence between critical current density Jc and that of the tape
Jtape, computing the magnetic �eld density on the superconductor using Je = ffJtape.

| ~B(J2)| = J2
| ~B(J1)|
J1

(2.14)

∆J(Jtape, T ) = Jc (B(ff , Jtape), θ, T )− Jtape (2.15)

A simple zero search algorithm (i.e. bisection method) is used to �nd the current density
Jtape for, which Equation (2.15) equals zero. �e resulting value represents the maximal
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current density within the tape when it is wound into a coil Jc,coil and is plo�ed as function
of temperature in Figure 2.15 (solid line). A margin of 15% with respect to the critical value
is assumed here (do�ed) reducing AC losses due to the mover �eld density variations [25].
Operating current density and margins are given for two temperatures, 4 K and 30 K. At a
temperature of 30 K, the critical current density Jc equals 76% of the value at 4 K.
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Figure 2.15: Coil critical current density Jc,coil as function of temperature.

In the previous section, only the dimensionless Fabry factor Gz was analyzed in de-
riving a minimal volume geometry, assuming the current density can be freely chosen for
any geometry. �is is not the case for superconducting coils. �erefore, KB is analyzed,
including the geometry dependency of the current density. Figure 2.16 shows the critical
current density as function of the geometric parameters α and β. A smaller coil (lower α
and β) logically results in a higher critical current density.

Figure 2.17 shows the �gure of merit KB = B/
√
V given by Equation (2.8) for a range

of α and β for γ = 0.67 and di = 15 mm. �e maximum of KB for constant �eld density B
results in minimal volume V required for that �eld. �e minimal volume curve, introduced
in Section 2.2, is approximated accurately using β = 0.21α− 0.43.

�e maximum has shi�ed to lower values of α (from 8.5 to 4.75) and to lower values of β
(from 2.0 to 0.55). �e working point from Section 2.2 is indicated as well (upper dot), which
is close to the maximum. Reducing the coil height from 12 mm to 8 mm while keeping α
constant (indicated by the lower black dot) gives β = 0.53 resulting in a slight increase
of 1.5% in KB while using 67% of the original volume providing 83% of the �eld density
compared to a height of 12 mm. �e �gure of merit KB is a function of the material model
at a certain temperature, di and γ. If the resulting �eld is higher or lower than desired, the
steps can be followed in reverse, as described at the end of Section 2.2. Starting with the
desired �eld, de�ning the volume V via KB and deriving α and β based on the minimal
volume curve.
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Figure 2.16: Coil critical current density Jc,coil as function of α and β with di = 15 mm and ff = 0.67.

1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5 8 8.5 9
0

0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2
2.2
2.4
2.6
2.8

3

Figure 2.17: Figure of merit KB as function of geometry (α and β) with di = 15 mm and γ = 0.67.

2.4 Performance, sensitivity and coil loads

�e magnetic analysis of a single coil is concluded here resulting in the parameters given
in Table 2.2 for two coil heights, 12 mm and 8 mm. Figure 2.18 gives the radial (dashed) and
axial (solid) �eld density as a function of the radial coordinate at several distances from the
coil top surface for the coil with a 12 mm height. �e maximal �eld density at z = 10 mm

(purple line) equals 4.6 T and the maximal �eld parallel and perpendicular to the windings
equal 13.0 T and 5.4 T, respectively. Furthermore, within the coil, the axial �eld Bz is a
near linear function of radius, which is used for the computation of magnetic stresses.
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Figure 2.18: Axial Bz (solid) and radial Br (dashed) �eld densities, as a function of radius r, generated by
superconducting coil at 4.2 K with a margin of 15% to the critical current for h = 12 mm (Ta-
ble 2.2).

Figure 2.19 shows the axial �eld density Bz (le�, blue solid line) on the coil axis (r = 0)
as function of the vertical coordinate z together with a ��ed exponential decay (red dashed
line). Furthermore, sensitivities are provided at four z coordinates. �e coil top surface is
indicated as well (black dashed line). On the right, vertical �eld density Bz at 10 mm above
the coil is shown as function of outer diameter (blue solid line). Again, sensitivities are
provided at several points, which are 4 to 6 times lower compared to the z-direction. �e
point z = 10 mm and do = 65 mm is shown in both graphs and corresponds to the nominal
design.
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Figure 2.19: Axial �eld density Bz sensitivity with respect to the vertical coordinate z and outer diameter do
for the coil with height h = 12 mm.
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Table 2.2: Geometric and electromagnetic coil parameters.

parameter symbol coil 1 coil 2 unit comments
inner diameter di 15 mm min d = 11 mm

outer diameter do 65 mm

height h 12 8 mm

coil volume Vcoil 37.7 25.1 cm3

tape width wtape 12 2× 4 mm standard widths
tape thickness ttape 0.1 mm

insulation thickness tins 0.05 mm

�ll-factor ff 0.67 − ttape/(ttape + tins)

number of windings N 167 333 − (do − di)/(2ttot)
tape length ltape 21 42 m

total superconductor cost 1.4 0.94 M$ 562 coils, [116]
critical current density Jc(4.2K) 1960 2140 A/mm2 within SC tape
operating current density Jop 1666 1820 A/mm2 within SC tape
operating current Iop 2.0 0.73 kA

max. �eld at z = 10 mm Bz(0, 10) 4.6 3.8 T

max. parallel �eld maxB‖ 13.0 10.5 T on SC
max. perpendicular �eld maxB⊥ 5.4 4.5 T on SC
inductance L 0.75 3.25 mH 2D FE

2.4.1 Superconducting coil loads

�e superconducting coils experience several loads, which will de�ne the mechanical coil
design and its �xation discussed in Chapter 4 and Section 3.2.3, respectively. First, the
magnetic �eld density within the coil (Figure 2.13) together with the current density result
in a high Lorentz force (max fL ≈ 20 kN/cm3) radially outward and axially compressive.
�is load is e�ectively supported by the windings but results in signi�cant stresses.

Secondly, the mover generates reaction forces in the stator coils (Newton’s law). Fig-
ure 2.1 shows a set of three mover coils, which together have outer dimensions 200 ×
200 × 12 mm based on a magnetic pitch of 50 mm. A distance of z = 10 mm from mover
coil bo�om to superconducting coil top surface and maximal current density of Jmover =

35 A/mm2 in the mover coils results in a force of 7.9 kN or 6.4 kN in the x-z plane based
on coil 1 and 2 (Table 2.2), respectively. Most of the reaction force is experienced by 8 sta-
tor coils. Accounting for commutation by assuming the total force is provided by a single
mover coil, supported by 8/3 stator coils, results in the forces stated in Table 2.3.

Lastly, the superconducting coils have alternating polarity and experience mutual at-
traction, which results in signi�cant forces at the array edge as illustrated in Figure 2.20
(red arrows). Based on a 3D �nite element computation, the force between two oppositely
magnetized coils (single red arrow) equals 5.0 kN and 2.8 kN for coil 1 and 2 (Table 2.2),
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respectively. Superposing the various loads gives a combined load per coil (two red arrows
+ reaction forces) of F = 7.1 ± 3.0 kN and F = 4.0 ± 2.4 kN for a superconducting coil
height of 12 mm and 8 mm, respectively.
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Figure 2.20: Superconducting coils in a magnet plate array illustrating coil-to-coil a�raction forces.

Table 2.3: Forces with di�erent origins acting on a single superconducting coil.

origin symbol coil 1 coil 2 unit comments
Lorentz internal fL 22 19 kN/cm3 J ·maxB||
Mover reaction Fre 7.9 6.4 kN Jr = 35 A/mm2

per coil Fre/Nc 3.0 2.4 kN Nc = 8/3 coils
Mutual a�raction Fat 5.0 2.8 kN 3D FE computation
in-plane forces Fi 7.1± 3.0 4.0± 2.4 kN Fi =

√
2Fat + Fre

out-of-plane forces Fo ±3.0 ±2.4 kN Fo = Fre

2.4.2 Comparison with planar Halbach array

A magnet plate using permanent magnets in a Halbach con�guration, as shown in Fig-
ure 2.21, is used to maximize e�ciency in state-of-the-art planar motors [18, 19, 20]. �e
magnetic �eld density is computed based on the cross-section geometry. Figure 2.22 shows
the comparison between magnetic �eld densities from permanent magnets and supercon-
ducting coils as a function of position. �e thermal insulation thickness is taken into ac-
count in the comparison by using a z-coordinate of 4 mm for the permanent magnet array
while 10 mm is used for the superconducting coils [51, 53].

More than a 6-fold increase in peak magnetic �eld density is seen when using the su-
perconducting coils with a height of 8 mm. �is increases to a factor of 8 for the coils with
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Figure 2.21: Planar Halbach array of permanent magnets.
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Figure 2.22: Field density of a permanent magnet array (dashed) and superconducting coil array at 4 K (solid
and dash-do�ed).

a height of 12 mm. Additionally, the magnetic �eld density distribution from the super-
conducting coils closely resembles a sinusoid, containing less higher harmonics than the
magnetic �eld generated by the permanent magnet array. �is reduces force ripple in the
planar motor [20].
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2.5 Additional considerations

Uniform current density

In the analyses above, a uniform current density is assumed within the superconducting
coil. However, this does not hold in general [114]. A small voltage di�erence in any di-
rection results in signi�cant redistribution of current due to almost zero resistivity. �ese
voltages are generated inductively when the coil current is ramped to its desired value,
and due to external �eld variations by the mover coils. Total current density over the coil
cross-section does not change, therefore, no large errors are expected in the overall �eld.
However, the Lorentz force loading could di�er signi�cantly from the uniform current den-
sity case, which could result in mechanical failure [38]. �is is not expected here due to the
signi�cantly lower �eld density, however, further research is required to substantiate this
expectation.

AC losses

Induced currents will not stop circulating and built-up until the critical current density is
exceeded, which leads to dissipation (AC loss). A theoretical equation for the AC loss de-
pending on �eld density variation, geometrical parameters and critical current density is
given by [71, (66)]. �ese equations hold for a superconducting strip in an in�nite stack
of strips experiencing a quasi-statically oscillating magnetic �eld. �is is di�erent from
the situation discussed here but the equations are used to provide a �rst order estimate
for the AC losses. Using the current density margin from Figure 2.15 (294 A/mm2 with
h = 12 mm), a peak magnetic �eld density value of 0.1 T and a frequency of 16 Hz (repre-
sentative for the �eld generated by the mover) gives a volumetric dissipation of 52 mJ/cm3

per cycle corresponding to 832 mW/cm3 within the superconducting layer.
Due to the rapid decay in �eld density with distance, only the superconducting coil

parts directly below the set of 3 mover coils (4p × 4p) are taken into account here. �is
corresponds to 8 times the coil volume, i.e. 201 cm3. However, the superconducting layer
has a thickness of 1 µm compared to a combined tape and insulation thickness of 150 µm.
�is gives a �ll-factor of 6.7 ·10−3 and a superconducting volume of 1.34 cm3 below the set
of 3 mover coils.

Together with the volumetric dissipation, an AC loss of 1.1 W is found per set of 3 mover
coils (forcer). Four forcers are su�cient for a single mover and two movers are used on the
magnet plate. �is gives a total AC loss of 9 W for the magnet plate as a whole, which is the
largest source of heat at the lowest temperature. It is essential to know and minimize these
losses considering the cooling e�ciencies (12.5 kW for 2 W at 4 K) presented in Chapter 1.
A heat load of 9 W at 4 K would require a power input in the order of 60 kW.

A more detailed analysis of AC losses in superconducting motors is given in [25], which
describes modeling and measurement data for di�erent motor con�gurations. A measure-
ment is performed at 77 K with a DC current in a superconducting coil, which experiences
the magnetic �eld of a moving magnet array [25, p. 87]. At a DC current of 35 A (equivalent
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to 0.64Ic), the heat generation equals 1.7 W for a frequency of 8.9 Hz. For the coil volume of
2.8 cm3, this gives a volumetric dissipation in the order of 70 mJ/cm3 per cycle and 1.5 W

for a set of three mover coils. However, this is based on a higher temperature, lower DC
current, di�erent geometry and di�erent transient �eld density magnitude. Both volumet-
ric heat generation estimations are in line with [10, Fig. 7]. Further research is required to
compute the AC losses for the application discussed in this work.

Non-insulated coils

Coils wound without electrical insulation seem bene�cial on several aspects such as ther-
mal stability [37]. Most of the current follows the superconducting spiral path due to its
near zero resistivity. However, the current can redistribute when the critical current is
reached locally, resulting in a more stable operation. Furthermore, higher �ll-factors are
possible without insulation. �e AC losses are lower for non-insulated coils driven by an
AC current [125], however, AC losses due to external �eld variation on a non-insulated coil
are unknown at the time of writing. All copper layers are electrically connected, providing
a signi�cant volume available for eddy-currents (e.g. coupling losses [75]).

Tape thickness variation

�e supplier of superconducting tape used in this work provides a tape thickness speci�ca-
tion of 96.4 µm±10%, which implies a relatively large tolerance, a smaller value is expected
for the actual batch of tape. When winding while taking this tolerance into account, there
are two options, using a constant number of turns or winding to a speci�ed outer diame-
ter. Considering magnetic �eld variations while supplying the same current I to all coils,
using a constant number of turns N is preferred. �e current density J varies with the
wire thickness tw as given by Equation (2.16), which is compensated by the outer diameter
variation. Using the parameters from Table 2.2 and the speci�ed tolerance gives a variation
of ∓0.22% in magnetic �eld density. When winding to a speci�c diameter, the variation in
current density is no longer compensated by outer diameter variations. �e full tolerance
of ±10% is translated to variation in magnetic �eld density. For the application discussed
here, calibration of the magnetic �eld is performed, which could eliminate �eld variation.
However, it is essential to minimize force ripple from the motor, thus starting with minimal
�eld variation and winding to a constant number of turns is preferred.

J =
I

twh
(2.16)

Neighboring coil interaction

Finally, there is a di�erence in �eld density within a single coil due to interaction with
neighboring coils. �is changes the critical current density and Lorentz forces within the
coil requiring an extension of the axi-symmetric analyses discussed previously. Figure 2.23
shows the axial �eld density Bz at the superconducting coil mid-plane as function of x
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and y coordinates on the le� and as function of the r coordinate on the right, for various
angles between 0° and 45° (shown in top view). Five lines are drawn radially in the le� plot,
which correspond to lines of equal color in the right plot. A coil without neighboring coils
experiences the �eld shown in black, while coils in an array experience the �eld indicated
by blue, gray and red lines. Two vertical dashed lines indicate the coil outer radius ro and
half magnetic pitch p along the diagonal (red) line. �e coil outer radii are shown with
black dashed lines.

�e sharp zig-zag is as expected (adding the do�ed black curve from the neighboring
coil to the solid black curve) and reduces to a smooth line through zero (at the thin do�ed
line) when the outer diameters of the coils would touch. �ree intermediate angles (15◦,
22.5◦ and 30◦) are shown in gray tones. �e di�erence between a coil in an array or on its
own is small. However, a larger part of the coil in an array experiences a positive axial �eld
density Bz , which results in higher internal stresses.

Figure 2.23: Axial magnetic �eld as function of radius for coils in an array.

2.6 Conclusion

�is chapter provides an extension to the work of [72] describing the derivation of an e�ec-
tive coil geometry for high �eld magnets. In the analysis here, the volume is minimized for a
given magnetic �eld density at a point above the coil, which determines motor performance,
instead of the central �eld. For a coil with an inner diameter of 15 mm, outer diameter of
65 mm and distance between stator and mover coils of 10 mm, a height of 12 mm for the
stator coil maximizes magnetic �eld density. However, the maximal current density within
HTS thin �lm superconductors depends on the magnitude and angle of the magnetic �eld
density. Including these properties results in a geometry dependent critical current density,
which is included to determine the minimal volume.
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Samples of superconducting tapes are ordered and their properties are measured by
the Energy, Materials & Systems (EMS) group at the University of Twente. A model is
combined from literature [41, 115], which describes the critical current as function of �eld
magnitude, angle and temperature. �is model is validated by the measurements showing
an equal order of magnitude and similar trends. �e maximal deviation equals 30%, which
is smaller than expected based on the large variation in superconducting properties found
in literature [41, 91, 113].

Including the superconducting properties shows that the �gure of merit is maximized
at a smaller height (8 mm instead of 12 mm) compared to a geometry independent current
density. Based on a temperature of 4 K, a coil with an inner diameter of 15 mm, outer
diameter of 65 mm and height of 12 mm provides a �eld of 4.6 T at 10 mm above its surface.
�e coil experiences a maximal axial �eld of 13.0 T, which is parallel to the superconducting
tape surface and maximal radial �eld of 5.4 T, perpendicular to the tape surface. For the
coil with a height of 8 mm, a magnetic �eld density of 3.8 T is achieved at 10 mm above its
surface. Furthermore maximal �eld densities parallel and perpendicular to the tape surface
equal 10.5 T and 4.5 T, respectively.

Space is required for coil �xation. �erefore, sensitivities are derived for variation of
vertical distance z and outer diameter do. Increasing z, allowing for �xation of the coil top
and bo�om side, results in a 4 to 6 times larger drop in magnetic �eld density per mm than
decreasing the outer diameter to allow for �xation.

�e single coil �eld is repeated in an array providing the magnetic �eld above the mag-
net plate. A comparison is made with the magnetic �eld above a Hallbach array of perma-
nent magnets, which shows an increase in peak �eld density by a factor of 8 and 6.4 for coil
heights of 12 mm and 8 mm, respectively. Furthermore, maximal mechanical loads on both
superconducting coils equal 5.0± 3.0 kN and 2.8± 2.4 kN, respectively.

Finally, additional considerations are provided discussing current density distribution,
AC losses, non-insulated coils, tape thickness variations and neighboring coil interaction.
A non-uniform current density distribution is expected based on [114], which describes
mechanical failure due to changes in local Lorentz forces on the coil windings. �is failure
mode is not expected here, however, further investigation is required. Time dependent
magnetic �elds induce currents within the superconductor resulting in heat generation
(AC losses). First estimations based on [25, 71] result in 1.1 W to 1.5 W of dissipation per
set of three mover coils. Winding the superconducting coils without electrical insulation
could provide advantages with respect to �ll-factor and thermal stability. However, the
AC-loss magnitude is unknown for non-insulated coils. A superconducting wire thickness
tolerance of ±10% is provided by the supplier, which translates into a variation of ∓0.22%

in magnetic �eld density when winding a constant number of turns and a variation of
±10% on the outer diameter. Lastly, three dimensional simulation is required to include
neighboring coils and their e�ect on internal Lorentz forces for each coil.

�e next chapter describes the cryostat design, detailing the superconducting coil and
cold frame �xations and thin insulation. �e cooling capacity required to achieve 4 K is
estimated and the realization of a demonstrator is discussed.



Chapter 3

Cryostat design

�is chapter describes the cryostat design considerations speci�cally for a motor application.
�e �rst section gives a brief overview of heat transfer for common conductive and radiative
situations including residual gas conduction. �e second section describes the cold frame and
�xation designs based on high natural frequency and low thermal conduction. Sti�ness re-
quirements, cold frame dimensions and coil �xations are discussed. �e third section describes
two promising thin insulation concepts with their mechanical design and thermal performance.
Illustrating a feasible insulation with a total thickness of 5 mm providing su�cient thermal
resistance for 4 K operation. Finally, the realization of a demonstrator is described which in-
corporates the cold frame, �xation and insulation designs.
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Introduction

�e main function of a cryostat is to maintain a stable low temperature as introduced in
Chapter 1. Common practice for cryostat engineering is extensively described in [31, 80]
illustrating that designs for temperatures of 4 K and 20 K do not di�er signi�cantly. Both
require an actively cooled shield to reduce cooling requirements. �e cryostat consists
of six main components: mechanical �xations, thermal shield, electrical connections, cold
frame, thermal connections and the cooler, of which, the �rst three are discussed in this
chapter. �ese three components de�ne the heat loads that require cooling capacity at low
temperature. �e goal is to use a small number of cryocoolers (i.e. 2 – 3) with a capacity
of 2 W at 4 K [23] to remove these heat loads. �is gives a cooling capacity in the order of
1 W at 4 K for each of the three de�ning components.

Figure 3.1 shows the cryostat design starting point. A �xation of the superconducting
coils (do�ed) is required, which is described in Section 3.2. �is �xation transmits static
and dynamic forces in the range of 3 kN to 7 kN (Section 2.4.1). �is distinguishes a su-
perconducting motor application from MRI scanners and most superconducting scienti�c
experiments, which are loaded predominantly by static forces. Additionally, the separation
between mover coils and superconducting coils should be in the order of 10 mm (Section 2.4)
to achieve su�cient gain in magnetic �eld density. Half of this distance (i.e. 5 mm) is re-
served for the thin insulation on the cryostat top surface, which is described in Section 3.3.

0.5 m

z

y

θ

ψ

0.6 m

vacuum pump

vacuum vessel (warm frame)

superconducting coils

moverthin insulation

coil fixation

mover coils

x

φ

2.5 m

top plate

current leads

Figure 3.1: Start-point for cryostat design. �e superconducting coils (orange) are enclosed by a vacuum
vessel (gray). A thin thermal insulation is required at the top surface such that the mover (green)
experiences the high magnetic �eld. Additionally, a �xation is required for the superconducting
coils.

First, mechanisms for heat transfer are introduced de�ning thermal resistances for sev-
eral common situations and providing an estimation of current lead heat loads. Secondly,
cryostat dynamics, �xation sti�ness and the cold frame design are discussed including su-
perconducting coil �xation. �irdly, two thin thermal insulation concepts are presented
together with their expected performance. Next, the �xation and insulation concepts are
applied in the design of a demonstrator, which allows for experimental validation of a su-
perconducting magnet plate. Finally, the main conclusions are summarized.
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3.1 Heat transfer

In engineering, heat transfer is commonly described by the �ow of heat q in [W] through a
thermal resistanceRth in [K/W] driven by a temperature di�erence T1−T2 in [K] as given
by Equation (3.1). �is is analogous to an electrical circuit, which allows for straightforward
analysis of heat �ows. Normalization with the surface area perpendicular to the �ow is
o�en helpful with q′′ = q/A the heat �ux density in [W/m2] and R′′th = RthA the product
of resistance and area in [m2K/W]. �e conductive and radiative thermal resistances are
provided below.

q =
T1 − T2
Rth

(3.1)

3.1.1 Solid conduction

Linear and radial solid conduction are depicted in Figure 3.2. �e conductive heat �ow qcond
is given by Equation (3.2) with λ(T ) the thermal conductivity of the material in [W/m K],
A(x) the cross-sectional area perpendicular to the �ow of heat in [m2] and dT/dx the spatial
temperature gradient in [K/m]. An average thermal conductivityλ and cross-sectional area
A are de�ned according to Equation (3.3) and (3.4). �e thermal resistances for a bar with
cross-section A and a disc with thickness t are given by Equation (3.5).

T1 T2q

r2

r

λ(T ), A(r)

T1 T2q

L

x

λ(T ), A(x) r1

t

linear radial

t

x1 x2

Figure 3.2: Linear and radial solid conduction driven by temperature di�erence T1 − T2 with thermal con-
ductivity λ and cross-sectional area A.

qcond = −λ(T )A(x)
dT

dx
=

A

x2 − x1
λ(T2 − T1) (3.2)

λ = (T2 − T1)−1
∫ T2

T1

λ(T )dT (3.3)

A = (x2 − x1)
(∫ x2

x1

1

A(x)
dx

)−1
(3.4)

Rcond =
x2 − x1
λA

Rcond,bar =
L

λA
Rcond,disc =

ln (r2/r1)

2πtλ
(3.5)
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�e thermal conductivity for a range of commonly used materials is shown in Figure 3.3.
Data for all solid lines is from [74] and the data for Zirconia (ZrO2, dashed) is from [14, 60].
Most materials show a decrease in thermal conductivity by one order of magnitude from
room-temperature to 4 K except for copper and platinum. Furthermore, values range six
orders of magnitude depending on material choice. Clearly, copper is preferred for high
conductivity connections, e.g. connecting cold components thermally to the cooler.

100 101 102 103
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100

101

102

103

104

Figure 3.3: �ermal conductivity for a range of engineering materials as function of temperature. �ermal
conductivity reduces signi�cantly (an order of magnitude) with temperature.

Current leads

Providing a high current to the superconducting coils at low temperature, requires current
leads. However, heat is conducted and generated in these leads resulting in heat load at
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the low temperature level. �ere are three main types of current leads, conduction-cooled,
vapor-cooled and superconducting as described in [94]. �e theoretical situation is illus-
trated in Figure 3.4 and the energy balance for the (in�nitesimal) gray part is given by
Equation (3.6) [94]. With q the heat load in [W], ṁ the vapor mass �ow rate in [kg/s], Cp
the vapor heat capacity in [J/kgK], I the current in [A] and ρe(T ) the electrical resistivity
in [Ω m].

qin − qout − qvapor + qgen =

d

dx

(
−λ(T )A(x)

dT

dx

)
− ṁCp

dT

dx
+
I2ρe(T )

A(x)
= 0 (3.6)

T1 T2qin

L

x

λ(T ), A(x), ρe(T )x1 x2

qoutqgen

dx

tI

qvapor

Figure 3.4: �ermal conduction with heat generation in a current lead, with the current density I (blue), heat
�ow q (red), high and low temperatures T1 and T2.

Equation (3.6) is solved for a constant cross-section A [94] and the ratio of length and
areaL/A is chosen such that the heat load at the cold end is minimized. A conduction cooled
copper lead with qvapor = 0 has a minimal heat transfer of 45 W/kA from 300 K to 4 K [94]
and 18 W/kA from 77 K to 4 K [31]. A signi�cantly lower heat load, i.e. 1.1 W/kA from
300 K to 4 K, is feasible with vapor cooled leads, which use both latent heat of vaporization
and heat capacity to extract heat (Helium for leads to 4 K) [94].

�e compromise between thermal conduction and heat generation in copper leads re-
sults in the above stated limits. �is compromise is circumvented when using supercon-
ducting (HTS) leads. �e length of these leads can be increased (lower thermal conduction)
without adding resistance (i.e. heat generation) resulting in a factor of 3–10 reduction in
heat load according to [94]. A value of 0.25 W/kA from 77 K to 4 K is achieved using
ReBCO superconductors in a 12 kA current lead [57].

When all superconducting coils are connected in series, two leads would be required
for the superconducting motor. Assuming 0.25 W/kA for the leads, results in heat loads of
0.4 W and 1 W for the coils presented in Table 2.2. A high inductance is created with all
coils in series (1800 mH and 420 mH), which results in high voltages when changing the
current (e.g. in case of a quench). A possible solution is to provide a shunt resistor to each
coil for quench protection, which requires further research.
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3.1.2 Residual gas conduction

When a gas is in the molecular regime (mean-free-path larger than enclosure dimensions),
convection, i.e. heat transfer by transport of molecules, is eliminated. However, heat is still
transferred by the remaining molecules, which collide with the enclosure. �is is known
as residual gas conduction and is described by Equation (3.7) [31]. With k an empirical
constant equal to 2.1, 4.4 and 1.2 [-] for helium, hydrogen and air, respectively, p the gas
pressure in [Pa] measured at room temperature and A2 the surface area in [m2] of the
enclosed (i.e. low temperature) components. �e corresponding thermal resistance is given
by Equation (3.8).

qres = ka0pA2(T1 − T2) (3.7)

Rres =
1

ka0pA2

(3.8)

�e combined accommodation coe�cient a0 is given by Equation (3.9) based on the
accommodation coe�cients a1, a2, which describe the amount of energy that is transferred
in a collision with the surface. At cryogenic temperatures, the accommodation coe�cients
range from 0.3 to 1.0 [-] depending on surface material, surface condition, type of gas and
temperature [31]. Assuming accommodation coe�cients of a1 = a2 = 0.5 for estimating
heat loads in cryogenic design [31], gives a0 = 0.33 for equal surface areas. Additionally,
at temperatures in the range of 4.2 K, all gases condense on the cold surface except for
helium. �erefore, k = 2.1 is used here. However, for temperatures above 20 K, hydrogen
must be taken into account with its partial pressure and k = 4.4.

a0 =
a1a2

a2 + (1− a2)a1A1

A2

(3.9)

Figure 3.5 shows the heat �ow as function of pressure for areas in the range of 1 m2 to
10 m2 between 300 K and 4 K. �e horizontal dashed line indicates a heat load of 0.5 W

based on the available cooling capacity for the thermal shield (∼1 W at 4 K), which is di-
vided between two sources of heat (gas conduction and radiation). �e pressure should be
in the range of p = 10−3Pa to 10−4Pa to provide su�cient thermal insulation, which is not
uncommon for vacuum systems [98].

3.1.3 Radiation

�ermal energy is transferred via electromagnetic waves (or photons) which is called ther-
mal radiation and does not require any medium. �is type of heat transfer is illustrated
in Figure 3.6 for a general enclosure, in�nite parallel plates, concentric cylinders and mul-
tiple thermal shields. Equation (3.10) gives the radiative heat �ow qrad with σsb = 5.67 ·
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Figure 3.5: Residual gas conduction from 300 K to 4 K as function of pressure for di�erent surface areas.

10−8W/m2K4 the Stefan-Boltzmann constant. Furthermore, the e�ective emissivity ε as-
suming di�use surfaces is given by Equation (3.11) with ε1,2 the emissivities of both surfaces
and F12 the view factor from surface 1 to 2. In�nite parallel plates and concentric cylinders,
shown in Figure 3.6, have a view factor of 1. �e corresponding thermal resistance is given
by Equation (3.12) and is temperature dependent.
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A1, ε1 A2, ε2
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general enclosure parallel plates

T1 T2

q

A1, ε1 A2, ε2
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q
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q

A1, ε1 A2, ε2
r1

r2

concentric cylinders multiple heat shields

Figure 3.6: Four common radiative heat transfer situations.

qrad = σsbεA1(T
4
1 − T 4

2 ) (3.10)

ε =

(
1− ε1
ε1

+
1

F12

+
1− ε2
ε2

A1

A2

)−1
(3.11)
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Rrad =
T1 − T2
qrad

=
1

σsbεA1(T1 + T2)(T 2
1 + T 2

2 )
(3.12)

Active thermal shields

Radiative heat transfer is primarily de�ned by the highest temperature surface because of
scaling with the fourth power. �erefore, actively cooled thermal shields are used to reduce
radiative heat to low temperature components. For example, a shield at T2 = 80 K with
T1 = 300 K and T3 = 4 K results in a heat load to the shield of q12/εA2 = 457 W/m2 and to
the cold components of q23/εA3 = 2.3 W/m2. Compared to not using an active shield, heat
transfer to the lowest temperature is reduced by a factor of 200. However, heat is transferred
to the shield as well and must be removed to maintain the intermediate temperature. �is
cooling is signi�cantly more e�cient due to the higher temperature (Section 1.3.1) resulting
in a 23 times lower total power consumption, compared to not using an actively cooled
shield, based on e�ciencies from [35].

Due to the fourth power relation, even small areas can provide signi�cant heat transfer
(24 W/m2 from 300 K to 4 K, i.e. 1 W for the surface area of this thesis). �erefore, it is
important that the lowest temperature components have zero view-factor to the highest
temperature surfaces. �us, the thermal shield must fully enclose the cold components.

Passive thermal shields

Where an actively cooled shield improves cooling e�ciency, passive shields increase ther-
mal resistance for radiation. �e e�ective emissivity between two walls separated by a
single radiation shield is given by Equation (3.13) with ε3,1 and ε3,2 the shield emissivities
to wall 1 and 2, respectively [45]. �is is illustrated in the lower right of Figure 3.6. Ex-
tending this to N shields and assuming equal emissivities results in Equation (3.14) for the
radiative heat transfer q12 between wall 1 and 2. Heat �ow can be reduced signi�cantly by
increasing the number of shields.

ε12 =

(
1

ε1
+

1

ε2
+

1− ε3,1
ε3,1

+
1− ε3,2
ε3,2

)−1
(3.13)

q12(N) =
1

N + 1
q12(0) (3.14)

Multi-Layer-Insulation (MLI) is a practical embodiment of this principle [48]. �e indi-
vidual layers are separated by a low conductivity material mesh (Mylar, polyester) result-
ing in a minor heat leak. Equation (3.15) gives the combined conductive and radiative heat
transfer for a practical MLI design [80]. Coe�cients α and β are determined experimen-
tally at the European Council for Nuclear Research (CERN) for the Large-Hadron-Collider
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(LHC) cryostats at α = 1.4 · 10−4W/m2K2 and β = 3.7 · 10−9W/m2K4.

qMLI

A
=

β

N + 1

(
T 4
1 − T 4

2

)
+

α

N + 1

T1 + T2
2

(T1 − T2) (3.15)

�ere is a compromise between thickness and heat transfer resulting in a shallow op-
timum at 15–30 layers per cm [80, Fig. 16]. �e apparent thermal conductivity from 300 K

to 80 K equals 6.2 · 10−5W/m K based on Equation (3.15) and 25 layers per cm. A value of
3.0·10−6W/m K is found from 80 K to 4 K. Using an MLI thickness of 3 cm, i.e. 75 layers (30
– 80 is typical for helium dewars [31]), results in heat loads of 450 mW/m2 and 7.6 mW/m2

to 80 K and 4 K, respectively. �e apparent conductivity of several MLI systems is given
in [31] as well, stating values in the order of 2 · 10−5W/m K to 77 K, at pressures below
10−2Pa, which endorses the value stated above.

Conclusion

Figure 3.7 shows the overview of main cryostat components including the multi-layer in-
sulation (MLI) on sides and bo�om. Further details for the �xation and thin top insulation
are discussed in Sections 3.2 and 3.3, respectively. Table 3.1 gives the overview of heat loads
to the low temperature environment at 4 K and to the shield at 80 K.
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Figure 3.7: Overview of components impacting thermal performance of the cryostat. A multi-layer insulation
is shown on the sides and bo�om. Additionally, symbols for the main heat loads are shown in red.

3.2 Cold frame and �xation

�e goal of a mechanical �xation or frame is to de�ne the position of components while
transferring forces between them. For this purpose, sti�ness is required, such that displace-
ments under load (static or dynamic) are within limits. Strength is important to prevent
failure, but it is not the primary focus, sti�ness is.
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Table 3.1: Summary of thermal loads at the 4 K and 80 K temperature levels.

component symbol heat load in [W] comments
to 4 K to 80 K

Sides and bo�om qMLI 0.06 1.7 MLI 3 cm thick, 75 layers
Current leads qCL 0.4 – 1 32 – 88 For coils from Table 2.2
Fixation qfix 0.4 2.8 Section 3.2
�in insulation qtop 0.25 – 1.1 10 – 147 Section 3.3
Total cryostat 2.6 240 worst-case sum
Superconducting coils qAC 9 0 Section 2.5
Total 12 240

Figure 3.8 shows the superconducting coils (orange), cold frame (light blue), thermal
shield (yellow), vacuum vessel (gray), mover (green, carrying a wafer) and machine frame.
�e cold frame �xates the distance between superconducting coils (i.e the magnetic pitch).
�is way, the signi�cant coil-to-coil a�raction forces (Section 2.4.1) are supported without
impacting thermal performance. Since the superconducting coils experience high reaction
forces from the mover as well, sti� �xation (dark blue) of the cold frame is key. How-
ever, thermal conduction must be minimized. �e vacuum vessel (at room temperature) is
mounted on vertical struts (dark blue), allowing for the balance mass movement discussed
in Chapter 1. Fixation of the cold frame and heat shield is discussed below together with
the mass distribution and resulting natural frequencies.
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Figure 3.8: Illustration of cold frame (light blue), thermal shield (yellow), vacuum vessel (gray) and struts for
kinematic mounting of the successive frames (dark blue). Only �xation of the vertical direction
(z) is shown here.
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3.2.1 Sti�ness and conduction

�e sti�ness of a strut in tension and compression c in [N/m] is given by Equation (3.16)
with E the Young’s modulus in [Pa], A the cross-sectional area in [m2] and l the length
in [m]. For pure tension, the stress distribution is uniform, providing maximal sti�ness for
the given cross-section. �is does not hold for bending loads, with material at the neutral
line not contributing to the sti�ness. Combining (3.16) with the conductive heat transfer
from Section 3.1.1 results in Equation (3.17). Only material properties (E, λ) and application
speci�cations (c, ∆T ) remain. Figure 3.9 shows the ratio of integral thermal conductivity to
Young’s modulus. A low ratio is preferred for insulating �xations providing high sti�ness
with minimal conduction.

c =
EA

l
(3.16)

qcond = c

∫
λ(T )dT

E(T )
(3.17)

Engineering materials with a low thermal-conduction-to-sti�ness ratio that are used
in existing cryogenic �xations [64, 70, 107, 117, 123] are stainless steel (AISI304, blue),
titanium (Ti-15V-3Cr-3Al-3Sn, purple) and glass �ber composites (G-10, red). Kevlar �ber
(K49, green) performs best, and is used in high performance applications [29, 82, 109] but
it can only be used in tension. Titanium and stainless steel perform a factor of 2 and 3 less
compared to Kevlar for the whole temperature range.

�e ceramic Zirconia (ZrO2, dashed) is not used o�en although it performs comparable
to titanium and Kevlar. It is used in dental applications for its high fracture toughness,
�exural strength in excess of 900 MPa and high ductility compared to other ceramics [5,
81, 92]. Based on these properties and a low thermal conductivity, ZrO2 is a promising
material for the design of cryogenic �xations.

Reliability is a key factor for the design of semiconductor lithography machines to min-
imize down-time for maintenance. �erefore, highly predictable materials are preferred
including the fatigue failure behavior. �ese properties are questionable for composite ma-
terials such as glass-�ber-reinforced-epoxy (G10). In contrast to stainless steel and titanium
alloys, which are highly predictable isotropic materials.

Equation (3.17) is disadvantageous from an engineering perspective because the sti�-
ness cannot be increased without also increasing thermal conduction. During this re-
search, a concept was conceived that provides sti�ness without thermal conduction, using
a contact-less electromagnetic actuator in closed loop position control. A patent, describing
this idea, has been �led [52]. Using a reluctance based actuator [49], the mover can be a
passive piece of ferromagnetic steel. However, heat is still generated at the low temperature
due to hysteresis losses [33]. Additionally, permanent magnets can be added to provide a
static force, supporting the weight of cold components. �is idea is not further investigated
in this work. However, it is a fundamentally di�erent method of providing sti�ness, which
could provide design freedom for challenging cryogenic �xations.
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Figure 3.9: Ratio of thermal conductivity integral and Young’s modulus as function of temperature for a range
of engineering materials. �e lower integration bound equals 4 K and the upper bound is displayed
on the x-axis. When cooling to 4 K, the Young’s modulus increases (e.g. 10% for metals, Section 4.1)
slightly improving on sti�ness. However, the room temperature values are used here.

3.2.2 Cryostat dynamics

�e cryostat natural frequencies must be su�ciently high for motion control purposes,
de�ning the sti�ness requirements. Typical frequencies for balance mass suspension in the
lithography application are given in Table 3.2.

Figure 3.10 shows two, 1 degree of freedom (DoF), mass spring systems representing
di�erent concepts regarding mass distribution and �xation sti�ness. Each model can de-
scribe three linear degrees of freedom, x, y and z. Colored rectangles represent cold frame
(blue), heat shield (yellow) and vacuum vessel (gray) and the mass distribution is schemati-
cally indicated by their size. Furthermore, the connection sti�ness is shown with c1,2,3 and
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Table 3.2: Typical natural frequency requirements on the balance mass for the lithography application.

direction symbol value unit
in-plane fx,y,θ < 0.5 Hz

out-of-plane fz,φ,ψ > 40 Hz

higher order fn > 40 Hz

thermal resistances with R1,2. Connections c1 and c2 introduce heat �ow (red arrows) to
the cold frame and thermal shield, respectively.

balance
mass

m1, T1

m2, T2

m3, T3

c1

c2

c3

R1

R2

balance
mass

c2 R2

c1 R1

c3
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m2, T2

m3, T3

machine frame machine frame

cold frame

heat shield

vacuum vessel

concept 1 concept 2

Figure 3.10: Two options for the mass distribution and �xation between cold frame (blue), heat shield (yellow)
and vacuum vessel (gray).

Concept 1

A large cold frame (blue) acts as the balance mass and is �xated by c1 in vertical direction
(z) while horizontal directions (x and y) are free (limited to the extend of parasitic sti�ness
from the z direction �xation) with respect to the thermal shield (yellow). Resulting in a
minimal number of mechanical connections to the lowest temperature. However, signi�-
cant sti�ness is required in z-direction to achieve a natural frequency above 40 Hz. Heat
shield and vacuum vessel (gray) are �xated (by c2 and c3) in all 6 degrees of freedom (DoF)
and are stationary. �ermal insulation design is challenging due to cold frame movement
within the thermal shield.
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Concept 2

�e cold frame, heat shield and vacuum vessel together act as the balance mass. �is re-
quires high sti�ness �xations in 6 DoF for both c1 and c2 resulting in more connections to
the lowest temperature. However, there is no movement between the components which
simpli�es insulation design. Additionally, reducing the cold frame and heat shield mass
reduces the sti�ness requirement of the connections.

Comparison

A large balance mass is required to achieve su�ciently low stroke, a typical factor of 10–20
in mass [? ] compared to both movers combined results in balance mass of 3000 kg. �e
superconducting coils have a combined mass of 200 kg and the cold frame has an estimated
minimal mass of 300 kg, which together result in m1 ≥ 500 kg. Additionally, the shield
mass is estimated atm2 = 200 kg and the minimal vacuum vessel mass atm3 ≥ 300 kg. �e
sti�ness required for each concept and resulting natural frequencies are given in Table 3.3.
Sti�ness values represent a minimum unless stated otherwise.

�e heat loads at 4 K and 80 K are provided as well, assuming a statically determined
�xation with stainless steel struts. Note that the heat loads are su�ciently low compared
to the available cooling capacity of 1 W at 4 K. However, a higher natural frequency re-
quirement is expected for an improved stage [? ], which could require titanium or Kevlar
(aramid �ber) such that the heat load remains below 1 W. Additionally, these materials
have a higher strength and lower modulus, allowing for shorter struts or cables given the
maximal load and a desired sti�ness.

Concept 2 has low overall sti�ness requirements resulting in the lowest heat loads.
Additionally, there is no movement between cold frame, heat shield and vacuum vessel,
simplifying insulation design. Concept 1 is not far o� regarding heat loads, however, the
total mass is signi�cantly larger. Furthermore, the sti�ness requirements for out-of-plane
directions and the relative movement between cold frame and heat shield are challenging.
�erefore, concept 2 is further detailed here.

3.2.3 Cold frame

Fixation of the superconducting coils with respect to each other is the main function of the
cold frame. Furthermore, natural frequencies of at least 120 Hz and 140 Hz (free body) are
required for the torsion and bending mode, respectively. A sandwich panel, as shown in
Figure 3.11, provides high out-of-plane sti�ness and high natural frequencies with a low
mass. It is preferred to use the same material for the partially hollow core as for the face
sheets, preventing thermal contraction di�erences upon cooling.

A honeycomb core [40] is modeled as a homogeneous material based on [66], to reduce
modeling and simulation time. �e same analysis can be performed for other cell shapes,
such as squares, rectangles or triangles, which are not expected to provide signi�cant dif-
ferences in frequencies. Figure 3.12 shows the �rst four natural modes of an aluminum
sandwich panel with height h = 200 mm, face-sheet thickness t = 10mm, honeycomb cell
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Table 3.3: Sti�ness requirements for the concepts shown in Figure 3.10 to achieve the natural frequencies
given in Table 3.2.

parameter concept 1 concept 2 unit
masses m1 3000 500 kg

m2 200 200 kg

m3 300 2300 kg

x and y direction c1 < 3 · 104 5 · 107 N/m

(in-plane) c2 2 · 107 6 · 107 N/m

c3 6 · 107 < 3 · 104 N/m

f1 0.5 0.5 Hz

f2 41 40 Hz

f3 87 125 Hz

z direction c1 4 · 108 8 · 107 N/m

(out-of-plane) c2 6 · 108 9 · 107 N/m

c3 1 · 109 4 · 108 N/m

f1 40 40 Hz

f2 265 72 Hz

f3 440 155 Hz

heat loads q(4 K) 0.70 0.32 W

(stainless) q(80 K) 8.6 2.8 W

t

h

L

facesheet

core
neutral line

Figure 3.11: Side view of a sandwich panel. Two face-sheets (gray) are separated by the core material (yellow)
providing a large distance to the neutral line resulting in high sti�ness.

edge length of 50 mm and cell wall thickness of 1 mm. �e outer dimensions are 2.5 m by
1.5 m resulting in the second moment of areas Ix = 2.7 · 10−4m4 and Iy = 4.5 · 10−4m4.
Additionally, the superconducting coil mass of 200 kg is added. Each face-sheet has a mass
of 101 kg and the core mass equals 42 kg, which results in a total mass of about 450 kg for
the cold frame and coils together.

Both the torsional and bending mode exceed the requirements, which shows that suf-
�ciently high natural frequencies are feasible within the height of 200 mm. Furthermore,
the mass is below 500 kg used for the dynamical analysis. However, the superconducting
coils require �xation with respect to each other, which adds additional mass.
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(a) Mode 7: 133Hz (b) Mode 8: 149Hz

(c) Mode 9: 253Hz (d) Mode 10: 298Hz

Figure 3.12: Results of a modal analysis of an aluminum sandwich panel with honeycomb core. A face-sheet
thickness of 10 mm is used together with a height of 200 mm, core cell edge length of 50 mm

and cell wall thickness of 1 mm. �e �rst six rigid-body modes are omi�ed.

Coil �xation

�e superconducting coil �xation must withstand forces between neighboring coils while
de�ning their position such that the desired magnetic pitch is maintained. �e horizontal
a�raction force between to oppositely magnetized coils equals 5.0 kN (Section 2.4.1) and is
illustrated in Figure 3.13. On the magnet array edge, each coil experiences the a�raction
force of two neighboring coils resulting in a distributed edge load ofw = 71 kN/m based on
a magnetic pitch of p = 50 mm. Several concepts for �xation of the superconducting coils
are brie�y discussed below. Generally, the �xation should add minimal thickness above the
coil due to the reduction in magnetic �eld density of 0.35 T/mm and add minimal mass.

Coil �xation concept 1

�e �rst �xation concept is shown in Figure 3.14. �e winding mandrel protrudes at the
bo�om side and is �xated in the sandwich cold frame described previously. No space is
required above the coil thus magnetic �eld density is not impacted. However, a mass of
157 kg is added by the 562 steel cylinders (one for each coil) with a diameter of 15 mm

and height of 200 mm. Furthermore, the sandwich frame is loaded in bending by the at-
traction force between coils (blue arrows). �e corresponding moment load (red) equals
M = wLxa = 11.7 kNm based on a distance to the neutral line of a = 110 mm and width
of Lx = 1.5 m. �e de�ection of a cantilever beam of length l = Ly/2 = 1.25 m and sec-
ond moment of area I = Ix = 2.7 · 10−4m4 (given the sandwich described above) equals
δz = Ml2/(2EI) = 0.48 mm.
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Figure 3.13: Partial top view of the magnet plate edge showing coil-to-coil a�raction forces. �is section
is repeated 15 times in x-direction reaching a magnet plate length of Lx = 1.5 m based on a
magnetic pitch of p = 50 mm.
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Figure 3.14: First coil �xation concept. Each coil mandrel is �xated in the cold mass sandwich panel face-
sheets. Magnetic �eld density is not impacted because no material is required above the coils.

�e bending sti�ness must be increased with a factor of 5 such that the magnet plate
�atness is within an acceptable tolerance of 0.1 mm. �is can be achieved by increasing
the sandwich height to 440 mm or by using steel with its 3 times higher Young’s modulus
together with a height of 260 mm. However, the bending load is the actual problem, which
is prevented in the next concept.

Coil �xation concept 2

�e second �xation concept is shown in Figure 3.15, which uses two plates to �xate the
mandrel resulting in symmetric loading. A plate thickness of t = 0.5 mm and mandrel
diameter of 15 mm provide an area of 23 mm2 on each side to transmit the a�raction force of
7.1 kN. �is results in an average stress of 154 MPa. �e sandwich plates have a combined
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mass of 30 kg when using steel, which brings the total cold mass to 480 kg, still lower than
estimated for the dynamic analysis (500 kg).

t

F

hc

2p

R

y

z
φ Ly/2

mandrel plate

magnet plate center line

Figure 3.15: Second coil �xation concept. �e winding mandrel is sandwiched between two sheets, each
transmi�ing half the coil interaction force. A corner radius is required to prevent excessive stress.

A �nite element computation is performed to validate the stress and �nd the horizontal
sti�ness. �e model consists of one plate (t = 0.5 mm) with half the winding mandrel and
a corner radius R of 1 mm. �e plate edges are �xated in all 6 degrees of freedom while
the mandrel mid-plane is �xated in z-direction, thereby, φ and ψ rotations are �xated as
well. A force of 3.6 kN is applied on the mandrel surface representing half the a�raction
of two neighboring coils. Figure 3.16 shows a top and side view of the deformed model
with colors indicating the stress. A maximal Von-Mises stress of 230 MPa is found in the
corner radius and the maximal horizontal displacement equals 19 µm corresponding to a
total in-plane sti�ness of 3.8 · 108N/m. Additionally, there is a small bending load on the
thin plate resulting in a maximal out-of-plane displacement of 9 µm.

�ese results indicate a promising solution. However, an additional thickness of 1.5 mm

is required above the coil (sum of plate thickness and radius), reducing the magnetic �eld
density at the mover location to 4.1 T, 89% of the value presented in Chapter 2.

Coil �xation concept 3

�e third concept, shown in Figure �, is an alternative to minimize the �eld reduction and
eliminate the thin plate bending. �e two sheets from the second concept are combined
into one with a thickness of t = 1 mm between two coils with half the original coil height.
Using equal current density and a vertical coil spacing of ts = 3 mm, the top and bo�om
coils provide a magnetic �eld density of 2.8 T and 1.4 T at the mover coil location. �is
equals a total of 4.3 T corresponding to 92% of the value without coil �xation.

Again, a �nite element computation is performed. �e central plate edges are �xated
and the full load of 7.1 kN is applied in diagonal direction. �e colors in Figure 3.18 in-
dicate the resulting stress distribution and the deformation is scaled by a factor of 500. A
maximal stress of 218 MPa is found in the corner radii. Additionally, the maximal displace-
ment equals 17 µm, which corresponds to an in-plane sti�ness of 4.2 · 108N/m. �e central
plate is loaded symmetrically, which results in zero out-of-plane loads. However, the man-
drel experiences a shear load and is slightly bend resulting in a rotation of 80 µrad for the
top surface. �is third concept is the most promising from mechanical and performance
viewpoints.
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Figure 3.16: Un-averaged Von-Mises stress based on �nite element computation of concept 1. �e displace-
ment is scaled by a factor of 500 and colors indicate the stress distribution.
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Figure 3.17: Illustration of the third coil �xation concept. A single sheet is used between two coils with half
the original coil height. �e magnetic �eld density at 10 mm above the coil surface equals 4.3 T.

�e in-plane mover reaction force per coil equals 1.6 kN (Section 2.4.1) resulting in a po-
sition variation of 4 µm. �is is negligible compared to currently used permanent magnets
with typical dimensional tolerances of±50 µm. Additionally, the coil mass equals 365 g (us-
ing a density of 9 g/cm3, Chapter 4) resulting in an in-plane natural frequency of 5.4 kHz

per coil. �e out-of-plane direction is �xated via the sandwich frame discussed above.
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Figure 3.18: Resulting stress based on a �nite element computation. A load of 7.1 kN is applied diagonally
on the mandrel circumferences. A thickness of 1 mm is used for the central plate and the corner
radii equal 1 mm as well. �e displacement is scaled 500 times and colors indicate the stress
distribution (legend in [MPa]).

Fixations on outer coil diameter

Using the coil outer diameter for �xation has been investigated because there is space be-
tween the coils and less impact on magnetic �eld density is foreseen. Two ideas based on a
nest of springs, elastically averaging dimensional variations [24, 84], are illustrated in Fig-
ure 3.19. �e le� idea uses elastic hinges to reduce tangential sti�ness, and the right idea
uses vertically oriented needles, as in a needle bearing. However, no satisfactory dimen-
sioning of these ideas is achieved so far due to the coil outer diameter variations of ±10%

(Section 2.5) resulting from the superconducting wire thickness tolerance.

3.2.4 Magnet plate to cold frame �xation

For any coil �xation concept, the high a�raction force upon energizing of the coils results
in elastic deformation of the magnet plate while the sandwich frame does not change size.
Furthermore, signi�cant design freedom is obtained when the magnet plate can have a dif-
ferent thermal contraction compared to the sandwich cold frame. �erefore, the �xation of
magnet plate to sandwich frame should allow for dimensional variations of both compo-
nents.
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(a) Using elastic elements. (b) Using needles.

Figure 3.19: Two conceptual ideas based on the elastic averaging provided by a nest of springs with the coil
shown in orange.

�e coil �xation concept based on a central plate at the coil mid-plane, shown in Fig-
ure 3.17, has an in-plane compression of 17 µm per 50 mm upon energizing of the coils i.e.
−0.34 mm/m with respect to the sandwich frame. Assuming a steel magnet plate and alu-
minum cold frame, a di�erence in thermal contraction to 4 K of 1.2 mm/m should be taken
into account as well.

Figure 3.20 illustrates a �exure based magnet plate �xation based on the principle from
[106]. Elastic parallelograms are used to �xate the tangential direction while the radial
movement is free (detail view) relative to the thermal center (TC). �is allows for dimen-
sional di�erences while �xating the in-plane degrees of freedom (x, y and θ). A low number
of elastic elements is shown in the top view to clarify the parallelogram orientation. Limited
thickness of the sandwich top face-sheet requires additional out-of-plane �xation, which is
realized with a vertical strut to the bo�om face-sheet (side view).

3.2.5 Cold frame and �xation conclusions

For a strut in pure tension or compression, heat transfer is proportional to sti�ness and
to the ratio of thermal conductivity and Young’s modulus. An electromagnetic alterna-
tive without this coupling between sti�ness and conduction is proposed in [52]. Materials
with favorable properties are stainless steel, titanium, glass-�ber composites (G10), Kevlar
(aramid �ber) and Zirconium dioxide (Zirconia) and Kevlar performs best.

A dynamic comparison of two concepts is made to see which has the lowest heat load
for equal natural frequencies. �e concept using cold frame, heat shield and vacuum vessel
acting together as a balance mass has the lowest heat load for equal natural frequencies.
�e heat load is estimated at 0.32 W to 4 K and 2.8 W to 80 K when using stainless steel
struts to achieve a minimal natural frequency of 40 Hz.

�e cold frame is composed of a sandwich frame and a magnet plate. Two lowest nat-
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Figure 3.20: Top and side view of the sandwich cold frame (blue) illustrating the magnet plate �xation. Elastic
parallelograms (detail view) in the sandwich top plate allow radial movement while the tangential
direction is �xated (detail view). Out-of-plane forces are supported by a vertical strut below each
parallelogram.

ural frequencies of 133 Hz and 149 Hz are found for an aluminum sandwich with a height
of 200 mm and 10 mm thick face-sheets. Additionally, three magnet plate concepts are
presented with the most promising alternative consisting of a thin steel plate at the super-
conducting coil mid-plane. A �exure-based, distributed �xation between cold frame and
magnet plate is introduced, allowing for dimensional variation between these components.

3.3 �in thermal insulation

Figure 3.21 is a simpli�cation of Figure 3.7 and shows a room temperature frame (gray), cold
frame (blue), superconducting coils (orange) and mover (green) with coils (orange). �e thin
insulation between the superconducting and mover coils, providing a thermal barrier and
is discussed next. Based on a magnetic gap of 10 mm, an insulation thickness in the order
of 5 mm is required to achieve a factor of 5–10 increase in magnetic �eld density. A top
layer �atness in the order of 0.1 mm is typical for state-of-the-art planar motors.

Based on a maximal heat load in the order of 1 W at the 4 K temperature level, the total
thermal resistance should be in the order of Rtot = 300 K/W. Together with the top layer
surface area of 3.75 m2 and thickness of 5 mm, the e�ective thermal conductivity should be
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Figure 3.21: Simpli�ed view of Figure 3.1 highlighting the thin thermal insulation. Again, the cold frame
(blue), thermal shield (yellow), vacuum vessel (gray) and mover (green) are shown. �e magnetic
gap of 10 mm between superconducting and mover coils is indicated. �e thin top layer (∼ 5 mm)
is loaded by landing forces of the mover (during shut-down and when a failure occurs) and by
pressure di�erences during pump-down.

lower than 4.4·10−6W/m K. �is excludes foam insulation options (polystyrene, aerogels),
which are limited by the gas conductivity which is in the order of 10−2W/m K, four orders
of magnitude above the limit. �erefore, vacuum insulations with radiative shields are
considered here, which are common in cryostat thermal insulation design [31, 80].

�in insulation challenge

�e large, thin and �at top plate poses a challenge because it has a low out-of-plane sti�-
ness. �e top plate also serves as a landing surface for the mover during shutdown and if
failures occur. Assuming that the landing force is transmi�ed through 2.5% of the mover
footprint (landing feet of 9 ·10−3m2), together with a mover mass of 100 kg gives an equiv-
alent pressure of 1.1 bar. Multiple landings are expected during the motor life-time, thus
the insulation must be able to withstand these forces without failure. During testing and
calibration with the motor in an atmospheric environment, a pressure di�erence of 1 bar

is experienced by the thin top layer. Since the EUV lithography machines operate with a
vacuum at the wafer stage, the pressure di�erence over the thin top plate is lower during
normal operation. A magnetic load is present as well when using ferromagnetic materials
in the insulation. A 2D �nite element analysis showed that a stainless steel plate (µr = 1.1

[-] AISI304 [111]) of 2 mm thickness at a distance of 2 mm gives an a�raction force of 40 N,
corresponding to a pressure of 80 mbar, which is negligible. Maintaining insulation per-
formance during all these load cases is preferred. Two concepts are discussed below, one
supporting the layers using spherical spacers and the other uses struts.
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3.3.1 �in insulation using sphere spacers

Figure 3.22 shows the principle idea of using small diameter spheres (green) to maintain
separation between insulating layers at di�erent temperatures [85]. �e contact area is
small while the load capacity is high, which poses a promising solution and a patent has
been �led [54]. Based on the thermal conductivities for engineering materials as shown in
Figure 3.3, zirconium oxide (ZrO2, zirconia) is a suitable material for the spheres, which are
abundantly available for low cost ceramic bearings [14].
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Figure 3.22: Schematic representation of the thin insulation using spheres to separate individual layers at
di�erent temperatures.

Radius and pitch

�e support pitch s in [m] is de�ned by the maximal Hertzian contact stress and pres-
sure di�erence. Deformation of elastic spheres under load is described in [47] providing
Equation (3.18) and (3.19) for the contact radius a in [m] and peak pressure p0 in [Pa], re-
spectively. Here, F represents the load in [N], R the sphere radius in [m] and the modulus
E∗ in [Pa] is given by Equation (3.20).

a =

(
3FR

4E∗

)1/3

(3.18)

p0 =
3F

2πa2
(3.19)

1

E∗
=

1− ν21
E1

+
1− ν22
E2

(3.20)
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�e maximal contact pressure p0 is known based on material limitations and a safety
factor should be incorporated. Each of the load cases described previously is translated
into an equivalent pressure di�erence resulting in the load given by F = s2∆p assuming
a square array of spheres. Combining with (3.18) and (3.19), the maximum support pitch is
expressed in the sphere radius and given by Equation (3.21).

s =
R

E∗

√
π3p30
6∆p

(3.21)

Y�ria stabilized zirconia (ZrO2-TZP) has a maximal compressive stress of 2000 MPa

[14], which is used for p0. A pressure di�erence ∆p of 105Pa with steel plates (E =

200 GPa, ν = 0.3) results in E∗ = 110 GPa and s ≈ 5.8R. �us, a pitch of 5.8 times
the sphere radius (2.9 times the diameter) is required to withstand the pressure di�erence.
�is results in a very high number of spheres when a small diameter is used to achieve a
thin insulation layer (e.g. 2 · 105 for d = 1.5 mm).

Figure 3.23 shows a second embodiment with equal thickness using partial spheres
(green) with larger radii increasing load bearing capacity. Two passive thermal shields (thin
black horizontal lines) are included, which �xate the distance between spheres. �is design
decouples sphere radius and insulation thickness. A method for manufacturing could be
to use two rotating drums, holding the partial spheres with the �at surface on the outside,
applying an adhesive and passing a sheet of aluminized mylar [88] in between the drums.
�ereby, the partial spheres are adhered to the sheet and can be used as blankets during
installation.

pins = 10−3Pa

ptop = 1− 105Pa300K

4K

80K

Figure 3.23: Separation of insulation layers using partial spheres and passive thermal shields.

�ermal circuit

�e circuit shown in Figure 3.24 is used for assessing total thermal resistance. �e top (gray)
and bo�om (blue) plate are at temperatures T1 and T2, respectively. �e passive shield is at
a temperature Tsh. Parameters Rc, Rb, Rrad and Rres represent contact, bulk, radiation and
residual gas thermal resistances, respectively. Additionally, the insulation and top surface
pressures are indicated by pins and ptop, respectively. �e thermal resistances are derived
below.
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Figure 3.24: �ermal circuit describing the insulation separated with spherical bodies.

�ermal contact resistance

�ermal contact resistance has been studied extensively [4, 59, 65, 120, 121] and is gener-
ally de�ned by the exact topology of the surfaces in contact. �e references stated above
provide models, which are validated with experiments, to describe conformal (�at-on-�at),
non-conformal (sphere-on-�at), smooth and rough surfaces. �e contact resistance for the
non-conformal rough case is shown schematically in Figure 3.25 and consists of two con-
tributions, the constriction Rb and contact Rc resistance [4], which are discussed below.
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Figure 3.25: Illustration of the thermal resistance of a non-conformal rough contact.

�e �rst contribution is the constriction resistance (i.e. Rb) given by Equation (3.22) [4,
(23)] for constricting the heat �ow from a large surface with radius bL = ts

√
2R/ts − 1

in [m] to the (roughness adjusted) contact patch radius aL in [m]. �e harmonic mean
conductivity λ∗ is given by Equation (3.23) in [W/m K] and aL is given by Equation (3.24)
[4, (22)]. With σ =

√
σ2
1 + σ2

2 the combined root mean square (RMS) roughness in [m] and
R the equivalent contact radius in [m]. �e constriction resistance is similar but not equal
to that found by integrating Equation (3.2) with a varying cross-section A(x) given by the
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spherical shape.

Rb =
1

2λ∗aL

(
1− aL

bL

)3/2

(3.22)

λ∗ =
2λ1λ2
λ1 + λ2

(3.23)

aL = 1.80a

√
α + 0.31τ 0.056

τ 0.028
α =

σR

a2
τ =

R

a
(3.24)

�e second contribution describes the microscopic contact resistance, which is essen-
tially constriction at the surface roughness scale. �is is described based on a conformal
(�at-on-�at) rough contact as given by Equation (3.25) [4, (20)]. With F the load in [N], H∗
the micro hardness in [Pa] as function of roughness given by Equation (3.26), σ0 = 1 µm a
reference value,m the roughness slope [-] indicated on the right of Figure 3.25 and c = 0.36

a constant [-] based on measurement data. �e contact resistance is inversely proportional
to thermal conductivity λ∗, logically, and a high micro hardness H∗ with small load F re-
sults in small contact areas and high thermal resistance. �e ratio of roughness to slope
σ/m is an indication for the distance between contact points as illustrated (in red) on the
bo�om right of Figure 3.25. Increasing this distance decreases the number of contact points.

Rc =
πc

2λ∗
H∗

F

σ

m
(3.25)

H∗ ≡ c1

(
σ

mσ0

)c2
(3.26)

Contacting material properties

For materials in contact, the hardest material deform the so�er, thus the lowest hardness
value should be used. �e Vickers hardness of ZrO2-TZP equals 1200 HV0.5 [14], corre-
sponding to 1200 kgf/mm2 or 11 GPa. �is is signi�cantly higher than the micro hardness
of a stainless steel top plate based on data from [4, Tab. 2, 3] as plo�ed in Figure 3.26 (blue
crosses). �e bulk value (dashed) is used here H∗ = 2 GPa as a worst-case assumption to-
gether with a roughness of σ = 1 µm and slope of m = 0.1. Figure 3.27 gives the harmonic
mean conductivity as function of temperature for this combination of materials.

Constriction and contact resistance

Figure 3.28 shows the resulting constriction Rband contact Rc resistance to 80 K and 4 K

components multiplied by s2 (the supported top plate area per sphereR′′ = s2R) as function



70 Chapter 3. Cryostat design

0 1 2 3 4 5 6
0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

Figure 3.26: Microhardness as function of roughness
(crosses) for stainless steel 304 [4] to-
gether with bulk hardness (dashed).
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Figure 3.27: Harmonic mean conductivity λ∗ versus
temperature for a combination of stain-
less steel (304) and zirconia (ZrO2).

of the pressure di�erence ∆p = ptop − pins. �e lower thermal conductivity at 4 K results
in a 20 fold higher resistance compared to the values at 80 K and 300 K. Achieving heat
loads below 0.5 W to 4 K with a surface area of 3.75 m2 (top plate area) requires a resistance
above 570 m2K/W. �is is achieved with a pressure di�erence ∆p of 1 mbar or less.
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Figure 3.28: Constriction Rb (blue) and contact resistance Rc (red) multiplied by the supported top plate area
s2 as function of the pressure di�erence ∆p over the top plate.

�e contact and bulk resistances are summed (series connection) to �nd the total resis-
tance between the high and low temperature side. However, the order of these resistances
can be chosen as shown in Figure 3.29. �e partial sphere �at side can be placed at the low
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or high temperature side, connecting the bulk or contact resistance to either temperature.
Based on Figure 3.28, placing the contact at the low temperature side results in the highest
resistance, combining the red solid with the blue dashed line. �erefore, the upper partial
spheres in Figure 3.24 should be rotated 180◦ to achieve highest performance.

80 K

4 K
R4K

c

R80K
b

R4K
b

R80K
c

Figure 3.29: Two options for connecting the constriction and contact resistances.

Multi-layer sphere insulation

�e adjusted contact patch radius aL ranges from 80 µm to 125 µm for pressures in the
range of 1 Pa to 105Pa. Clearly, bL >> aL and Rb (Equation (3.22)) is thus nearly inde-
pendent of bL. Accordingly, the sphere thickness ts can be reduced without impacting Rb

signi�cantly. �is allows for scaling down and stacking multiple layers with a high number
of small spherical bodies and thin gaps in between. �is eventually results in a multi-layer-
insulation with aligned supports providing a load bearing capacity as shown in Figure 3.30.
�e spherical bodies are bonded at the outer edge (purple) to the thin shields (aluminized
mylar t = 10 µm [88]), which have holes at the contact location, increasing resistance by
ensuring only high hardness materials in contact (only Zirconia). Additional perforations
in a staggered pa�ern improve pumping to low pressure between the layers allowing for
smaller gaps, while preventing direct thermal radiation. Based on existing MLI designs,
pumping down to low pressure is still feasible for 10 to 15 layers with a total thickness of
5 mm [31, 80], i.e. 0.5 mm to 0.3 mm per layer.

ZrO2 partial sphere

pvac

ptop

aluminized mylar

pvac

pvac

pvac

top plate

cold components

ts

ttop

bottom plate

ttot

tbot

∆p = ptop − pvac

adhesive

perforation

Figure 3.30: Multi-layer sphere insulation concept including passive thermal shields.

Computations for N layers are simpli�ed by assuming all emissivities are equal εi = ε.
�e radiative heat resistance for N layers is given by Equation (3.27) and the residual gas
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resistance by Equation (3.28). �e vacuum pressure resulting in equal radiation and residual
gas resistances equals 2 · 10−3Pa between 80 K and 4 K.

Rrad(T1, T2) =
N (2ε−1 − 1)

σsbA(T2 + T1)(T 2
2 + T 2

1 )
(3.27)

Rres =
N

ka0Apvac
(3.28)

Combining all four resistance values and normalizing with the top plate surface area A
results in Equation (3.29) for the total resistance, which is plo�ed in Figure 3.31. Two solid
lines show resistances to 4 K (blue) and 80 K (red) with 3 and 9 layers, respectively. Sphere
parameters are shown on the right with the pitch s based on a maximal pressure di�erence
of 105Pa and roughness estimation based on [15]. An emissivity of 0.1 is used together
with the above stated residual gas conduction parameters. Total resistance to 4 K equals
1300 m2K/W and 2.0 m2K/W for minimal and maximal pressure. To 80 K, resistances of
82 m2K/W and 4.3 m2K/W are found.

RtotA = N

(
1

s2
1

Rb +Rc

+
σsb(T2 + T1)(T

2
2 + T 2

1 )

(2ε−1 − 1)
+ ka0pvac

)−1
(3.29)
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Figure 3.31: Total resistance R′′tot to 4 K (blue) and 80 K (red) as function of the pressure di�erence ∆p over
the top plate. Dashed lines show the combined contribution of constriction Rb and contact Rc
resistances for both temperatures.



3.3. �in thermal insulation 73

Sphere insulation conclusion

�e multi-layer sphere insulation poses a promising solution when pressure loads on the
full top surface are below 100 Pa. At a pressure of 10 Pa, and with a top plate area of
3.75 m2, estimated heat loads equal 0.23 W to 4 K and 10 W to 80 K. Pressures up to 105Pa

are possible without mechanical failure, but reduce the thermal resistance up to 3 orders of
magnitude. �erefore, a low pressure di�erence is required at all times, also during testing
of the superconducting motor. A small area of the top plate experiences a pressure of 105Pa

when a single mover has landed. �is results in additional heat loads of 0.34 W and 0.46 W

at 4 K and 80 K, respectively. Furthermore, mover landings induce an impact load, possibly
damaging individual sphere contacts. However, this does not degrade the full insulation,
only a small increase in heat load is expected.

3.3.2 �in insulation supported by struts

Figure 3.32 and 3.33 show the principle idea of using vertical struts (dark red) of length
ls enclosed by tubes (yellow) to maintain separation between insulating layers at di�erent
temperatures. �e cold frame (blue), supporting the superconducting coils (orange), has
holes which allow the vertical struts and tubes to pass through.

4K cold frame

80K

coil

pvac

δ

300K

ptop

warm frame

top platestrut

shield

shield base

tube

ttot

s

hole

dh
dt,o
dt,i
ds

membrane

Figure 3.32: Illustration of the strut insulation concept. Vertical struts (dark red) support the top plate (gray)
with respect to the warm frame (gray) through holes in the cold frame (blue). A cooled thermal
shield (yellow) is inserted in between fully enclosing the cold frame.

�e essential idea is to connect equal temperature levels at both sides of the cold frame
providing support of the thin insulation without introducing thermal conduction. �e
shield membrane (yellow) is supported by vertical tubes. Only radiation and residual gas
conduction remain because there is no physical contact between di�erent temperatures,
except for the mechanical �xation discussed in Section 3.2. However, the surface area avail-
able for radiative heat transfer is increased by the struts and tubes. Furthermore, the top
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layer de�ects under load and requires thickness such that the bending stress remains within
limits. Additionally, su�cient space between the coils is required to allow for thermal con-
tractions di�erences.

p

dh
dt,o

dt,i

s

ds

l1 A

B

Figure 3.33: Strut insulation cross-section view with superconducting coils (orange), cold frame (blue), shield
tubes (yellow) and struts (dark red). �e magnetic pitch p and strut pitch s are indicated as well.

Strut dimensions

A strut length of ls = 200 mm is used based on the cold frame design of Section 3.2.3. A
small strut diameter ds is preferred to minimize area for thermal radiationArad = πdsls. �e
pressure di�erence over the top-plate ∆p induces a compressive stress σs on the struts given
by Equation (3.30) depending on the strut pitch s and cross-sectional area As = π/4 · d2s .

σs =
s2

As
∆p (3.30)

For a slender strut in compression, the buckling limit is considered. Equation (3.31)
gives the critical stress based on Euler buckling [8] with E the material Young’s modulus
in [Pa]. �e slenderness λ is given by Equation (3.32), not to be confused with thermal
conductivity, with i the radius of gyration, lK = ls the e�ective buckling length assuming
a strut pinned on both sides and Is the second moment of area.

σK =
π2E

λ2
(3.31)
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λ =
lK
i

=
lK√
Is/As

(3.32)

For a cylindrical strut (λ = 4lK/ds) the minimal diameter is given by Equation (3.33)
using a safety factor of 10 on the Euler buckling stress (10σs < σK) [8]. Figure 3.34 shows
the minimal strut diameter required to meet the buckling limit (blue) as function of the strut
pitch. �ree additional lines (red, yellow and purple) show the minimal diameter required
to remain below the yield stress limits of 250 MPa, 350 MPa and 450 MPa, respectively.
Clearly, larger diameters are required to meet the buckling limit, which makes the minimal
strut diameter proportional to the square root of the pitch. To minimize the diameter, strut
pitch must be minimized as well.

ds >

(
10 · 64

π3

∆p

E
l2Ks

2

)1/4

(3.33)
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Figure 3.34: Minimal strut diameter ds required to remain below the Euler buckling and yield stress limits as
function of strut pitch s including safety factors of 10 and 1.5. A pressure di�erence ∆p = 105Pa

is assumed together with a Young’s modulus of E = 195 GPa for stainless steel.

Tube dimensions

�e vertical tubes serve a dual purpose. First, as a cooled thermal shield between struts and
cold frame. Secondly, providing cooling to the membrane between coils and top plate. �e
tube length is assumed equal to that of the strut at l = 200 mm. �e minimal tube inner
diameter is de�ned by the shield thermal contraction and the strut diameter. A distance of
1.46 m from the shield center point to the magnet plate corner gives a thermal contraction
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of 5.7 mm assuming an aluminum shield and cooling to 80 K (∆L80K = 3.9 mm/m [31]).
�ereby, the minimal tube inner diameter equals dt,i = ds + 6 mm, indirectly depending
on strut pitch via the strut diameter.

Shield wall thickness

�e shield membrane and tube wall thicknesses are de�ned by a maximal temperature dif-
ference with respect to the shield base, which is maintained at 80 K. Figure 3.35 shows part
of the shield experiencing uniform heat loads qt and qm in [W] (red arrows) due to radiation
and residual gas conduction. Maximal base, tube and membrane temperatures are indicated
by Tb, Tt and Tm, respectively. Membrane and tube thickness are represented with tm and
tt, respectively. Half the diagonal distance between tubes (l1 in Figure 3.33) is used as the
worst-case membrane length.

base

tube

s · 1
2

√
2

tt

membrane

lt

tm

Tb

TtTm

qm

x

T (0) = Tb

L

qx(L) = 0
q”

qx

qt

t

Figure 3.35: On the le�, a partial illustration of the heat shield indicating the membrane, tube, base, thermal
radiative loads (red arrows) and dimensions. �e theoretical simpli�cation and assumptions for
computing required thickness are illustrated on the right.

�e maximal temperature di�erence in a beam of length L and thickness t with a total
uniform heat load q′′ in [W/m2] (on top and/or bo�om surface), as illustrated on the right
of Figure 3.35, is given by Equation (3.34) [80]. A constant base temperature is assumed
together with zero heat �ow at the tip (x = L). Furthermore, the heat load q′′ is assumed
independent of the beam temperature, which holds for small thermal gradients.

∆Tmax = T (0)− T (L) =
q′′L2

2λt
(3.34)
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Equation (3.10) and (3.11) for radiative heat transfer with ε1 = ε2 = 0.1 give a mem-
brane heat load of q′′m = 24 W/m2. �e tube heat load q′′t depends on the strut pitch via the
strut and inner tube diameters, ds and dt,i respectively, as given by Equation (3.35).

q′′t = σsb(T
4
2 − T 4

1 )

(
ε−11 + ε−12 (1− ε2)

dt,i
ds

)−1
(3.35)

Figure 3.36 shows the membrane and tube thickness as function of strut pitch based on
Equation (3.34). An increase in shield temperature of 10% results in a 46% increase in heat
load at the cold frame due to the T 4 dependency. �erefore, temperature gradients over the
shield should be minimal, however, thickness must be minimized as well. A maximal tem-
perature di�erence for both membrane and shield of max ∆T = Tm − Tt = Tt − Tb = 1 K

(Figure 3.35) is chosen as a �rst approximation for both the membrane and tube. �e ther-
mal conductivity is estimated at 200 W/m K, which is representative for pure aluminum
(1000 series) at 80 K (Figure 3.3). �e membrane thickness is de�ned by the maximal al-
lowable temperature di�erence and depends on the strut pitch squared, thus a small pitch
is required for low membrane thickness. �e dependency on strut pitch is less pronounced
for the tube thickness, which reduces slightly with increasing pitch.
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Figure 3.36: Membrane and tube thickness as function of strut pitch based on a maximal temperature di�er-
ence of 1 K for both the membrane and tube using a thermal conductivity of 200 W/m K.

Top plate thickness

A pressure di�erence over the top plate induces bending stresses depending on the strut
pitch s and the top plate thickness ttop. A �rst approximation is found by computing the
maximal bending stress σb due to a distributed load in a beam �xed on both ends. �e
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maximal moment is found at the beam ends resulting in the outer �ber stress given by
Equation (3.36) [8] using the worst-case length between supports l = s

√
2 (l1 in Figure 3.33).

σb = ∆p
s2

t2top
(3.36)

A theoretical solution for stress in a 2-dimensional plate, loaded by a pressure and sup-
ported by struts, is known [8, Sect. C5]. �e maximal stress is given by Equation (3.37).
A similar dependency on top plate thickness, pressure di�erence and length between sup-
ports is seen compared to the equation for a beam. However, the stress depends on the strut
diameter ds as well, which is given by Equation (3.33).

σB = 0.62∆p
s2

t2top
ln

(
s

ds
− 0.12

)
(3.37)

Figure 3.37 shows the minimal thickness required such that the maximal stress re-
mains below 250 MPa based on both equations presented above. �e solution based on
a 1-dimensional beam σb, underestimates the stress values compared to the 2-dimensional
plate σB resulting in less thickness required for the top plate. Finite element (FE) computa-
tions for three pitch values are plo�ed as well (black crosses), where the top plate thickness
is adjusted such that the maximal stress equals 250 MPa. Equation (3.37) is in good agree-
ment with the FE results and is used here. An almost linear relation between strut pitch
and top plate thickness is seen. A strut pitch of s = 100 mm results in a top plate thickness
of ttop = 2.5 mm.
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Figure 3.37: Minimum required top plate thickness as function of strut pitch based on a maximal stress of
250 MPa and a pressure di�erence of 105 Pa. Computations based on both Equation (3.36) (blue)
and (3.37) (red) are shown. Additionally, �nite element results are plo�ed (black crosses).
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Figure 3.38 shows the resulting de�ection (magni�ed by a factor of 200) and stress (col-
ors) for one FE computation. A de�ection of 0.24 mm is found due to a pressure di�erence
of 105 Pa based on a strut pitch of s = 100 mm, top plate thickness of ttop = 2.4 mm and
strut diameter of ds = 8 mm. �e maximal stress equals 249.3 MPa. A top plate thickness
of 3.2 mm is required to reduce the de�ection to 0.1 mm meeting the �atness requirement.
However, allowing for a larger de�ection reduces the sum of thickness and de�ection by
0.7 mm, resulting in a smaller magnetic gap.

Figure 3.38: Result of a �nite element (FE) computation using ∆p = 105 Pa, s = 100 mm, ttop = 2.4 mm

and ds = 8 mm. �e plate thickness is tuned such that the maximal stress equals 250 MPa.

Total thickness

�e total insulation thickness as function of strut pitch is given by Equation (3.38) based
on the shield membrane thickness tm and top plate thickness ttop. �e required gap tg for
pumping down to vacuum pressure is estimated at 0.4 mm based on multi-layer insulation
(MLI) layer densities given in [31, 80].

ttot(s) = tm(s) + ttop(s) + 2tg (3.38)

Figure 3.39 gives the total thickness as function of strut pitch. Clearly, the smallest
pitch results in the lowest thickness for the insulation. Based on the magnetic �eld den-
sity computation in Chapter 2, a minimal thickness is preferred, maximizing performance.
However, an insulation thickness of 5 mm is acceptable which allows for a maximal strut
pitch of s = 100 mm based on a magnetic pitch of p = 50 mm. Now that the total insula-
tion thickness as function of strut pitch has been found, the thermal performance is derived
next.
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Figure 3.39: Total thickness for the strut insulation as function of strut pitch. Multiples of the magnetic pitch
p and p

√
2 are shown (black circles) indicating values ��ing between the coil array. A 100 mm

pitch results in an acceptable thickness of 5 mm.

�ermal performance

�ermal resistances for the strut insulation are illustrated in Figure 3.40. �e total resis-
tance from 300 K to 80 K and from 80 K to 4 K is given by 4 resistances in parallel, corre-
sponding to radiation (rad) and residual gas conduction (res) for parallel plates (pp) and
concentric cylinders (cc). �e bo�om surfaces are not taken into account because multi-
layer-insulation (MLI) is applied here.
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resrad
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Figure 3.40: �ermal resistances of insulation based on struts supporting the top layer. Four resistances in
parallel connect the individual temperature levels. Multi-layer-insulation (MLI) is schematically
shown as well.

�e equations for each of the resistances in [m2K/W] are given by Equation (3.39) to
(3.42) with subscript 1 and 2 corresponding to the high and low temperature levels, re-
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spectively. �ese equations are derived from (3.12), (3.8) and (3.11) using the surface area
supported by a single strut s2 to compute the product of thermal resistance and area R′′.
�e total resistance is found via the reciprocal sum for parallel connected resistances as
given by Equation (3.43).

R′′rad,pp = Rrad,pps
2 =

ε−11 + ε−12 − 1

σsb(T1 + T2)(T 2
1 + T 2

2 )
(3.39)

R′′res,pp = Rres,pps
2 =

1

ka0pvac
(3.40)

R′′rad,cc = Rrad,ccs
2 =

s2

πd2ls

ε−12 + ε−11 (1− ε1)d2/d1
σsb(T2 + T1)(T 2

2 + T 2
1 )

(3.41)

R′′res,cc = Rres,ccs
2 =

s2

πd2ls

1

ka0pvac
(3.42)

R′′tot =

(
1

R′′rad,pp
+

1

R′′res,pp
+

1

R′′rad,cc
+

1

R′′res,cc

)−1
(3.43)

Figure 3.41 shows the resistances between 300 K and 80 K as function of strut pitch. �e
radiation and residual gas conduction parameters are equal to those used in the previous
sections and are stated in the plot.
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Figure 3.41: Total resistance R′′tot (blue) between surfaces at 300 K and 80 K versus strut pitch s. Individual
resistances are plo�ed (dashed) with R′′rad,pp (red), R′′rad,cc (purple) and R′′res,cc (green).



82 Chapter 3. Cryostat design

At low values for the strut pitch s, the total resistance R′′tot (blue solid) decreases sig-
ni�cantly due to the high number of struts increasing the surface area available for heat
transfer. Black circles indicate multiples of the magnetic pitch p = 50 mm and p

√
2 in-

dicating pitch values ��ing between the coils. Total resistance is dominated by radiation
because the residual gas conduction resistances are multiple orders of magnitude higher
with a vacuum pressure of 10−4Pa. For a strut pitch of 100 mm, the thermal resistance is
reduced by 39% compared to the parallel plate radiation R′′rad,pp due to the increase in sur-
face area. �e resulting thermal resistance between 300 K and 80 K equals 5.6 m2K/W for
a pitch of 100 mm. �is gives a heat load of 150 W for the heat shield, based on a top plate
surface area of 3.75 m2.

Figure 3.42 shows the thermal resistances to the cold frame (between 80 K and 4.2 K)
as function of strut pitch. Again, total resistance is predominantly de�ned by radiative heat
transfer. However, residual gas conduction between the concentric cylinders R′′res,cc plays
a larger role compared to Figure 3.41. For a strut pitch of 100 mm, the thermal resistance
is reduced by 59% compared to the parallel plate radiation R′′rad,pp due to the increase in
surface area. �e total resistance equals 257 m2K/W and the top plate area of 3.75 m2

results in a heat load of 1.1 W to surfaces at 4 K. �is heat load is close to the value of 1 W

stated at the start of this chapter, which is acceptable from a cooling perspective.
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Figure 3.42: Total resistance Rtot of the strut insulation between 80 K and 4 K as function of strut pitch s.

Adding an MLI blanket of two layers t < 1 mm to the 80 K heat shield membrane
increases R′′rad by a factor of 2 and R′′tot by a factor of 1.4. �is reduces heat load at 80 K to
approximately 100 W, which allows for cooling with 2 cryocoolers.

�in insulation conclusion

Resistances to surfaces at 4 K and 80 K for the sphere and strut insulation concepts are pro-
vided in Table 3.4. A thickness of 5 mm is used for each concept. Lower thermal resistance
values are obtained with the struts compared to the sphere insulations at low pressure loads
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(10 Pa). �is is explained by the increased surface area available for radiation in the strut
insulation. �is is the situation during normal operation of the lithographic EUV machine.
However, when testing in atmospheric conditions, at a pressure di�erence of 105Pa, the
conduction through contacts results in low thermal resistances for the sphere insulations.
In this situation, the strut insulation performs best, with a two orders of magnitude higher
resistance to surfaces at 4 K. �e corresponding heat loads are stated as well.

Table 3.4: Summary of performance for the sphere and strut insulation concepts with a thickness of 5 mm as
presented in this section.

Parameter Symbol Spheres
single-layer

Spheres
multi-layer

Struts Unit

Figure 3.22 Figure 3.30 Figure 3.40
pressure
di�erence

∆p 10 105 10 105 10− 105 Pa

resistances R′′(80 K) 9.0 0.35 82 4.3 5.6 m2K/W

R′′(4 K) 340 0.53 1163 2.0 257 m2K/W

heat loads qtop(80 K) 92 2360 10 413 147 W

qtop(4 K) 0.84 538 0.25 143 1.1 W

Considering the technology maturity, it is preferred to allow for testing with atmo-
spheric pressure on the outside of the insulation. For this load-case, struts outperform
spheres by a factor of 100 at the 4 K temperature level (Table 3.4). Additionally, reliable man-
ufacturing of the strut insulation is considered feasible within the available time. �erefore,
the strut insulation is used in the set-up described in the next section.

3.4 Demonstrator design and realization

In this section, the design and realization of a demonstrator is described. Although exper-
imental veri�cation was considered quite challenging upfront, it was deemed worthwhile
to spend the e�ort on detailing out critical parts such as thermal decoupling elements.

An exploded view of the demonstrator is shown in Figure 3.43, consisting of a partial
cold frame (blue), heat shield (yellow) and vacuum vessel (gray) at a 1:1 scale, designed to
�xate a smaller version (400 mm by 400 mm) of the full magnet plate (1.5 m by 2.5 m). �e
V-shaped parts (purple) are mechanically sti� connections between cold frame, thermal
shield and vacuum vessel (Section 3.4.2). When assembled, the cold frame is completely
enclosed in the thermal shield, ensuring zero view factor to the room temperature vacuum
vessel. �e thin thermal insulation and mechanical �xation are highlighted in this section.
For reference, the vessel outer diameter equals 508 mm and the distance from top to bo�om
�ange equals 304 mm.
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Figure 3.43: Exploded view of the demonstrator. �e cold frame (blue) is shown on the le� consisting of a
magnet plate with �exure based �xation, sandwich frame and three sets of two struts (purple) for
�xation. �e shield is shown in the middle with its membrane and tubes described in Section 3.3.2.
Again, three sets of two struts (purple) are used for �xation. �e vacuum vessel is shown on the
right with a thin top �ange (green) supported by struts (red).
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3.4.1 Insulation

�e thin thermal insulation based on struts is used in the demonstrator. On the right of
Figure 3.43, the struts (red) supporting the thin top �ange (green), are shown. Figure 3.44
shows a cross-section of the hardware assembly with a detail view of the thin insulation
layers. �e struts (red) are designed with minimal length to increase the buckling limit.
Two strut frames (green) bridge the gap from struts to lower �ange.

8⌀

18⌀

22⌀

25⌀

10

strut frames

shield base

fixation

cold
frame

insulation
struts

Figure 3.44: Cross-section of the assembled demonstrator showing the struts (red) passing through shield
(yellow) and cold frame (blue). At the top le�, a detail view is shown indicating a magnetic gap
of 10 mm.

Vacuum load

�e thin top �ange is loaded by a pressure di�erence of 1 bar when the vacuum vessel is
pumped down. Essentially, the top and bo�om �anges are held apart by the struts which
have a pitch of 100 mm. Each strut transmits a force of 1 kN and with a diameter d = 8 mm,
length l = 200 mm has a buckling limit of 9.5 kN when pinned on both sides (i.e. a safety
factor of 9.5). �e top �ange thickness equals 4 mm resulting in the stress and displacement
shown in Figure 3.45 based on a �nite element (FE) computation. �e struts are modeled
with vertical springs and each spring bo�om and the �ange edge are �xated. �e maximal
Von-Mises stress is found on top of the struts and equals 149 MPa providing signi�cant
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margin. �e top �ange vertical displacement δz di�ers signi�cantly when evaluating di-
rectly above a strut δz = 21 µm or centrally between 4 support points δz = 64 µm (point B
and A, respectively, in Figure 3.33).

Figure 3.45: Finite element computation of top �ange supported by 12 struts which are modeled as spring
elements. �e stress is shown with colors on the le� and displacement is shown with colors on
the right. �e maximal stress and de�ection equal 149 MPa and 80 µm

�e vacuum vessel has been realized including the insulation struts and pumped down
to low pressure. �e top �ange de�ection is measured as shown in Figure 3.46. A steel bar
is placed on the �ange edges and supports two indicators, one between and the other on top
of the struts. �en, the vessel is vented, the top �ange springs back to its neutral position
and the de�ection is measured. Values of 10 µm and 50 µm are found on top of and between
the struts, which are close to the �nite element prediction (21 µm and 64 µm, respectively)
providing con�dence in the computation.

Based on this low pressure test, the struts can withstand the load. �e assembled hard-
ware has been pumped down with the leak-tester as well, achieving a base pressure of
8.4 · 10−4mbar with a pump time of 1 h. �e leak rate below 10−12mbar l/s shows that
there are no virtual leaks.

Magnetic gap

A total magnetic gap (from superconducting coil top to the mover coil bo�om surface) of
10 mm is indicated in Figure 3.44 and its contributions are stated in Table 3.5. �e mover
coil packaging thickness and �y height represent typical values for state-of-the-art planar
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Figure 3.46: Top �ange de�ection measurement. Overview showing the vacuum vessel top �ange and cross-
bar supporting two indicators.

motors. Additionally, the top �ange thickness is chosen conservatively such that it can
withstand a pressure di�erence of 1 bar with a safety factor of 2. �e shield membrane
thickness of 0.5 mm results in an expected temperature di�erence of 0.6 K. Furthermore,
vacuum gaps are chosen conservatively large compared to the minimum of 0.4 mm stated
previously. �is allows for adjustments when needed.

Table 3.5: Magnetic gap speci�cation.

Contribution �ickness Comments
Mover coil packaging 1.5 mm typical in high-performance motors
Mover �y height 1.5 mm typical in high-performance motors
Vessel top plate 4 mm maxσ = 298 MPa at ∆p = 2 bar

Gap to 80 K 1 mm

Shield 0.5 mm max ∆T = 0.6 K with λ = 200 W/m K

Gap to 4 K 1.5 mm

3.4.2 Cold frame �xation

Figure 3.47a shows the cold frame bo�om part milled from solid aluminum. A honeycomb
sandwich core was described in Section 3.2, which is changed to a core with square cells,
be�er suited to the magnet array layout. To ensure a sti� connection to both face-sheets
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and the sandwich as a whole, the magnet plate �xation struts (Figure 3.43) are located at
crossings of the sandwich core.

(a) Bo�om half of the sandwich cold frame. �e core has square cells instead of hexagonal, be�er
��ing the magnet array. Additionally, the core and bo�om face-sheet are milled from a single
piece of aluminum.

(b) �e assembled cold frame without magnet plate. �e top face-sheet has holes for the insulation
struts, electrical and thermal connections. �e eight parallelograms allow for a di�erence in
thermal contraction.

Figure 3.47: Realized parts of the cold frame for the demonstrator.
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Figure 3.47b shows the assembled cold frame without superconducting magnet plate.
�e top face-sheet has an array of holes, twelve of these allow the insulation struts to pass
through the cold frame, while the rest can be used for electrical and thermal connections to
the magnet plate. Additionally, eight parallelograms provide �xation points for the magnet
plate. �e parallelogram orientation is such that a di�erence in radial contraction does not
lead to signi�cant stress. Two out of three V-shaped frames are visible on the cold frame
sides, which are discussed below.

V-shaped frames

�e kinematic cold frame �xation is illustrated in Figure 3.48. �e V-shaped frames 1 and 2
�xate four degrees of freedom, x, z, φ and θ. V-frame 3 �xates the remaining two, y and ψ.
In the con�guration shown in Figure 3.48, reaction forces are generated in x and z-direction
only. �e magnet plate can be rotated over a 90° angle, to measure motor performance in
the other direction.
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Fz
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φ

θ

2

1

3

2

3

magnet plate

top face-sheet

bottom
face-sheet

core

bolts

mover coils

cold frame

Figure 3.48: Fixation of cold frame and magnet plate. V-shaped frames 1 and 2 �xate four degrees of freedom,
x, z, φ and θ. V-frame 3 �xates the y and ψ direction. �e magnet plate is �xated with bolts
between the coils, a layout with bolts at the coil centers is feasible as well.



90 Chapter 3. Cryostat design

V-frame 1 and 2 support the maximal horizontal force of 12.5 kN from the cold frame to
the thermal shield. A front, side and top view of the V-frame design is shown in Figure 3.49.
Elastic hinges are used to increase the sti�ness ratios preventing an overdetermined design.
V-frame 3 experiences a maximal vertical force of Fz = 11 kN. Titanium grade 5 (Ti6Al4V)
is used for its higher load capacity and favorable ratio of sti�ness to thermal conduction. A
maximal stress of 500 MPa is reached in the elastic hinge of V-frames 1 and 2 with a worst-
case mover reaction force of 6.25 kN perpendicular to one of the V-frame legs. Additionally,
a sideways displacement of 1 mm results in a peak stress of 370 MPa.

12

15

1,6
1,6

9⌀
8⌀

12
5

62°

Figure 3.49: Front, side and top view of V-shaped frame 1. Elastic hinges are used to increase sti�ness ratio
allowing for thermal contraction di�erences.

V-frame 1 and 2 are identical, each with a sti�ness in x and z direction of 3.3 · 107N/m

and 9.5 · 107N/m respectively (based on �nite element computation). �e sti�ness of V-
frame 3 equals 1.3 ·107N/m and 9.5 ·107N/m for y and z direction, respectively. �ese sti�-
ness values, with a cold mass ofmcold = 35 kg, result in natural frequencies of fx = 218 Hz,
fy = 93 Hz and fz = 454 Hz. �ermal conduction remains within bounds at 173 mW for a
single V-frame based on a �nite element computation with a temperature dependent ther-
mal conductivity [31]. A total conductive heat leak to 4 K in the range of 0.5 W is expected,
based on a shield temperature of 80 K.

3.4.3 Shield �xation

�ree additional V-shaped frames (4, 5 and 6) are used to �xate the thermal shield to the
vacuum vessel top �ange as shown in Figure 3.50. �e horizontal force Fx generated by
the mover coils (front view) results in a reaction (−Fx) on the magnet plate and through
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V-frames 1 and 2 on the shield. �ese forces, shown in le� and front view, are transmi�ed
through frames 4 and 5 back to the top �ange that is holding the mover coils. Any vertical
load transmi�ed through frame 3 is directly supported by frame 6 to the vacuum vessel top
�ange. �e shield base is suspended by frame 6 which �xates y and ψ direction.
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Figure 3.50: Illustration of the shield �xation layout with three V-frames. Horizontal forces in frames 1 and
2 are indicated (red) and supported by frames 4 and 5 resulting in an in-plane load on the shield
base. Vertical forces from V-frame 3 are directly supported to the top �ange via frame 6.

A vertical forceFz from the mover coils is distributed over all V-frames. Locating frames
4 and 5 close to 1 and 2 results in a small bending moment in φ direction on the shield base.
A distance of 19 mm is achieved between the �xation points, which results in a maximal
moment of 120 Nm due to a vertical force of 12.5 kN on V-frames 1 and 2. To support this
moment, the shield base has cross-beam with a height and width of 80 mm and 75 mm,
respectively. A cantilever beam with the same cross-section and a length of 200 mm loaded
by the moment has a maximal de�ection of 54 µm, angle of 0.1 mrad and stress of 1.5 MPa.
�ese values are well within material and deformation limits.
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Figure 3.51a shows the realized shield assembly of the demonstrator including cold
frame, which is visible with a side cover removed. V-frames 3 and 6 are visible on the
le� and V-frame 5 is seen on the right. Figure 3.51b shows the assembled shield including
side cover.

(a) Cold frame and shield assembly without side panel. V-frames 3 and 6 are seen on the
le� and 5 is seen on the right. �ere is no mechanical contact between shield and cold
frame except for the �xation.

(b) Shield assembly including side cover. �ere is no direct line of sight to the cold frame
when the shield tubes are installed. �is gives a zero view factor from the room tem-
perature vacuum vessel to the cold frame.

Figure 3.51: Realized parts of the thermal shield and cold frame for the demonstrator.

Figure 3.52a shows the top �ange added to the assembly. �readed holes are available in
the top side, which allow installation of a mover coil frame directly on top of the V-frames
such that the top �ange does not experience bending loads. �e whole assembly is now
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suspended from the top �ange and can be placed up-side down, as shown in Figure 3.52b.
�e small gap between shield and �ange is adjustable using spacers at the V-frame �xation
points. �e assembly is lowered into the vacuum vessel and pumped down. A leak test
showed no virtual leaks reaching a base pressure of 8.4 · 10−4mbar in 1 hour. Appendix B
provides the assembly steps. Further research is required to validate the demonstrator ther-
mal performance.

(a) Realization of the installed vacuum vessel top �ange. �readed holes are seen on top
directly opposite of the V-frame �xation points. �is results in minimal bending of
the top �ange.

(b) �e set-up is rotated up-side down showing a small gap between shield and top �ange.
Additionally, the available space for a magnet plate is visible with the side cover re-
moved.

Figure 3.52: Realization of the demonstrator including top �ange.
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3.5 Conclusion

In this chapter, four subjects related to the cryostat are discussed: current lead heat load,
cold frame and �xation, thin thermal insulation and realization of a demonstrator.

Considering conductive heat transfer, material thermal conductivity varies multiple or-
ders of magnitude as function of temperature, which must be taken into account. A vacuum
pressure below 10−3Pa is required to reduce residual gas conduction su�ciently. Consid-
ering radiative heat transfer, an actively cooled thermal shield is proposed, reducing cooler
power consumption by more than a factor of 20. Additionally, multi-layer insulation (MLI)
is used to increase the thermal resistance for radiative heat transfer.

�ermal conduction through mechanical �xations is proportional to sti�ness and mate-
rial properties. Commonly used materials are stainless steel, glass-�ber composites (G10),
titanium alloys and Kevlar, which all have a low ratio of thermal conductivity to Young’s
modulus. Two cold frame �xation concepts are compared based on mass distribution and
thermal loads using the sti�ness required for a natural frequency above 40 Hz. �e most
promising concept uses the cold frame, heat shield and vacuum vessel together as a bal-
ance mass. Heat loads of 0.32 W and 2.8 W to 4 K and 80 K frames are found, respectively.
�e cold frame consists of a magnet plate, �xating the superconducting coils to a sand-
wich frame for out-of-plane sti�ness. �e most promising magnet plate concept is based
on a horizontal plate with a thickness of 1 mm that �xates the coil winding mandrel at the
coil mid-plane. �is plate is loaded symmetrically by a�ractive forces between oppositely
polarized superconducting coils and provides an in-plane sti�ness of 4.8 · 108N/m. �e
interface between magnet plate and sandwich frame is designed such that di�erences in
thermal contraction do not lead to signi�cant stress with favorable natural frequencies of
133 Hz and 149 Hz for the torsion and bending mode, respectively.

Two thin and �at insulation concepts, one based on spherical spacers and the other
on supporting struts, are compared based on thermal insulation performance between the
mover coils at room temperature and the superconducting coils at 4 K. Both designs have a
thickness of 5 mm and are able to withstand a pressure di�erence up to 105Pa. For the �rst
concept using spherical spacers and multiple passive thermal shields, thermal resistances
of 1160 m2K/W and 82 m2K/W are found to surfaces at 4 K and 80 K, respectively, at a
pressure di�erence of 10 Pa. For the second concept using struts, thermal resistances of
257 m2K/W and 5.6 m2K/W are found to surfaces at 4 K and 80 K, respectively, indepen-
dent of the pressure di�erence over the insulation. �e strut insulation is selected for the
demonstrator realization to allow for tests at atmospheric pressure (105Pa), where struts
out-perform spheres by a factor of 100 for heat transfer to 4 K.

A demonstrator is realized including cold frame, �xation, thermal shield, thin insulation
and vacuum vessel, such that the superconducting motor performance can be validated as
part of future work. Mechanical loading of the thin top plate and insulation struts was
successfully tested during pump down, Figure 3.46.



Chapter 4

Mechanical coil design and analysis

�is chapter describes the mechanical design and analysis of a superconducting coil. Tempera-
ture dependent material properties are discussed and a material model is derived (Appendix C)
describing the layered superconductor with orthotropic material properties. Using this infor-
mation, individual layer stresses are computed for tension and bending loads on the supercon-
ducting tape. Additionally, the stress di�erential equation is solved (Appendix D) including
body forces, thermal strains and axial loads. Computing stress and strain induced by cool-
down and Lorentz forces reveals problematic radial tensile loads. Interference �ts and winding
tension are proposed to provide compressive preload preventing radial tensile stress. For each
co-winding option and load-case, stress and strain distributions are computed throughout the
mandrel, coil and preload ring. �ese results show su�cient radial compressive stress and
overall coil stresses within limits.
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Introduction

�e subject of mechanical stress in superconducting coils has been studied extensively,
especially as a result of magnetic loads in high �eld magnets [16, 34, 42, 72, 102] and stresses
induced by winding and cool-down [2, 44]. Knowledge of material properties is required
as an input to the stress equations and are described in Section 4.1. Tension and bending
induced stresses within the individual layers of the superconducting tape are discussed in
Section 4.2. Stresses due to cooling down and magnetic forces, in the coil geometry of
Chapter 2, are computed theoretically and with a �nite element computation in Section 4.3.
A mechanical coil design is presented in Section 4.4 and analyzed based on winding tension
and interference �ts load cases. �e combined e�ects of the mandrel, coil and preload ring
are analyzed as well. A comparison is made between di�erent co-winding materials in
Section 4.4.7.

4.1 Material properties

�e temperature dependent Young’s modulus, Poisson ratio and thermal strain are of inter-
est in the range of 293 K to 4 K for the stress computation. Generally, the Young’s modulus
is a linear function of temperature, marginally increasing towards low temperatures. �e
Poisson ratio is a linear function of temperature as well, however, it reduces slightly to-
wards low temperatures [82]. An increase of 10% in Young’s modulus is seen for metals
when cooling to 4 K and 20% to 50% for composites G-10CR and G-11CR [61]. Figure 4.1
shows the moduli and Poisson ratios of stainless steel, aluminum and G-10CR as a function
of temperature. Values at room-temperature are used as a worst-case estimation in this
work and are given in Table 4.1 (compiled from [14, 17, 31, 63, 67, 82, 101, 103]).
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Figure 4.1: Young’s moduli and Poisson ratios for stainless steel and aluminum alloys, data from [61, 82].
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�e thermal strain (∆L/L =
∫
α(T )dT ) as a function of temperature is plo�ed in

Figure 4.2, which shows a very similar behavior for di�erent materials. Furthermore, most
of the contraction takes place between room temperature and 77 K.
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Figure 4.2: �ermal strain of engineering materials suitable for cryogenic use, data from [31].

Table 4.1: Properties of engineering materials suitable for cryogenic use [14, 17, 31, 63, 67, 82, 101, 103].

material ρ E ν σy
∫ 293K

77K
αdT

∫ 293K

4K
αdT

g/cm3 GPa - MPa mm/m mm/m

temperature 293 K 293 K 293 K 293 K

Silver 10.5 76 0.37 45 3.70 4.13
Copper 8.9 117 0.31 49 3.02 3.24
YBCO (void-free) 6.3 148 0.26 3.4 3.4
Solder (50%Pb-50%Sn) 8.9 41 0.37 4.80 5.14
Yellow brass (C26800) 8.5 105 0.34 315 3.53 3.84
Al-6061 2.7 69 0.33 276 3.89 4.14
Ti-6Al-4V 4.4 114 0.33 830 1.63 1.73
Hastelloy C276 8.9 200 0.29 356 2.04 2.18
Inconel 718 8.2 205 0.29 827 2.24 2.38
Invar (FeNi36) 8.1 140 0.29 240 0.38 0.40
AISI 316 8.0 193 0.25 290 2.79 2.97
Al2O3 3.9 370 0.24 0.66
ZrO2 6.1 200 0.31 1.26
SiC 3.2 430 0.17 0.30 0.30
G-10CR (‖ / ⊥ to �bers) 1.9 30/14 2.13/6.42 2.41/7.06
Epoxy resin (un�lled) 1.1 2.4 0.40 36 10.3 11.6
Epoxy (Stycast 2850FT) 2.3 6.4 0.40 10 4.0 4.40
Polyimide (Kapton™) 1.4 2.8 0.34 70 4.3 4.40
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Another important note is the ductile-to-bri�le phase transitions in body-centered-
cubic (b.c.c.) iron alloys with decreasing temperature. A speci�c transition temperature
cannot be provided because many materials show a gradual transition from ductile to brit-
tle behavior [82, p. 238, 254]. �is e�ect does not occur in alloys with a face-centered-
cubic (f.c.c.) crystal structure. Most high strength steels have a b.c.c. structure (such as
C/Cr/Mo/V and ferritic stainless steel) and must be avoided for use at low temperature.
Austenitic stainless and Nickel steels (with > 10% Ni content) have an f.c.c. structure and
can be used.

Finally, depending on the mechanical load (static or cyclic), the yield and fatigue strength
are of interest to determine the maximal allowable stress. Data on structural alloys, com-
posites and superconductors is presented in [82, Chap. 11, 12, 13] showing a 3 fold increase
in yield strength from 300 K to 4 K for nitrogen strengthened stainless steels. A further in-
crease is achieved with cold rolling, also increasing the fatigue limit. For aluminum (6061),
the yield strength increases approximately 30% and the fatigue 15% when cooling to 4 K. For
titanium alloys, a two-fold increase in yield is seen at 20 K compared to room-temperature.
However, the ductility is decreased by 20%, which could result in bri�le fracture.

Material model

HTS thin �lm superconductors consists of multiple layers as shown in Figure 2.8. �e
material and thickness of each layer is given in Figure 4.3 for a tape manufactured by Su-
perPower [97]. Cylindrical coordinates are used for the coil geometry (r perpendicular to
and θ, z in-plane of layers).
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Figure 4.3: Stack of materials within superconducting tape from [97] with cylindrical coordinate orientation
for the coil geometry. An additional layer representing a co-winding material with variable thick-
ness is included.

Two load cases are shown in Figure 4.4 to illustrate how the combined material sti�ness
is derived. Firstly, the layers are in series for a load in r-direction and the compliances
(inverse sti�ness) are summed to �nd the total compliance. Secondly, the layers are in
parallel for a load in θ and z-direction and the sti�ness of each layer is added. Both the
compliance and sti�ness are scaled with ti/ttot, which allows a generalization using the
full material compliance matrix as elaborated in Appendix C. �e resulting mechanical
properties of the combined stack are orthotropic and the compliance matrix is given by
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Equation (C.30). Additionally, the thermal strains are given by Equation (C.29). Table 4.2
provides the orthotropic material properties for four co-winding options commonly used in
literature [37, 62]. �ree di�erent Poisson ratios are stated, of which two are independent.
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Figure 4.4: Summations of compliance and sti�ness for a series and parallel stacking of layers, respectively.
�e thickness scaling ti/ttot is equal for both cases.

Table 4.2: Composite material properties based on the layers from Figure 4.3. Kapton, AISI 304 and Solder
are used as co-winding materials. Additionally, properties are derived for a bare tape without co-
winding.

parameter symbol Kapton AISI304 Solder none unit
superconductor thickness tSC 95 95 95 95 µm

co-wind thickness tco 25 25 25 0 µm

total thickness ttot 120 120 120 95 µm

�ll factor ff 0.79 0.79 0.79 1.0
density ρ 7.4 8.7 8.9 9.0 g/cm3

moduli Er 18 159 111 151 GPa

Eθ,z 127 166 135 159 GPa

Grθ,zr 9 118 71 112 GPa

Gθz 98 129 103 123 GPa

Poisson ratios νrθ 0.05 0.28 0.27 0.29
νθz 0.30 0.29 0.30 0.30
νzr 0.32 0.29 0.32 0.30

thermal strains (293 K-4 K)
∫
αrdT 3.6 2.9 3.8 2.9 mm/m∫
αθ,zdT 2.6 2.7 2.7 2.6 mm/m
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4.2 Superconductor tension and bending

During winding, the superconducting tape is tensioned and bend around a mandrel, which
de�nes the bending radius. Considering the tape as a homogeneous material with or-
thotropic properties, only the tangential (longitudinal) stress component is non-zero for
pure tension and bending. For tensile loading, σθ equals the winding tension σw. For bend-
ing, the tangential stress is de�ned by the strain εθ as given by Equation (4.1) with rn the
neutral radius as shown in Figure 4.5. �e radial coordinate coincides with the thickness
direction of the tape (origin indicated with t = 0). �e neutral bending line location (y
in Figure 4.5) is found by solving the force balance over the cross-section

∫
A
σdA = 0 [8,

p. C12-C13] resulting in the system of equations given by Equation (4.2). Solving by ma-
trix inversion also provides the neutral-line location of each layer relative to the overall
neutral-line.

σθ = Eθθεθ = Eθθ
r − rn
rn

(4.1)


1 · · · 0 1
... . . . ... ...
0 · · · 1 1

E1t1 · · · Ektk 0
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Figure 4.5: Tension (le�) and bending (right) load-cases on a layered material. �e superconducting layer can
be located on either side of the Hastelloy (gray) substrate.
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�e composite stress column equals σ =
[
0 σθ 0 0 0 0

]T and the strain is found
via the compliance matrix ε = Sσ including Poisson contraction e�ects. �ereby, all stress
and strain values are known for the stack as a whole. �is allows to use Equation (C.15) to
compute individual layer stresses (without thermal strain ζi = ξi = 0).

Stress and strain induced by the limiting load-cases [97] are computed below. Figure 4.6
shows the result for individual layers as function of the tape thickness (solid lines) due to
a pure tensile strain of 0.45% in longitudinal (θ) direction, which is conservative [7]. �e
origin, t = 0, is indicated on both the le� and right side of Figure 4.5. Individual layers are
separated by vertical black do�ed lines and the tape from Table 4.2 without co-winding is
used. Average stress levels for the orthotropic material are plo�ed as well (colored do�ed
lines). �e stress in r-direction and strains in θ and z-directions are equal for all layers.

�e superconducting layer (1 µm thick) is found at t = 72 µm and experiences slightly
lower stress 851 MPa compared to the average 956 MPa. Silver, copper and Hastelloy layers
experience stresses of 626 MPa, 758 MPa and 1142 MPa, respectively. A yield strength of
1200 MPa is stated in [97] for the Hastelloy substrate, which is nearly reached for this
load-case. Both silver and copper layers will deform plastically at these stress levels but
can easily sustain the strain of 0.45% due to their high ductility [46].
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Figure 4.6: Individual layer stress (le�) and strain (right) for a longitudinal tensile stress of 100 MPa.

A minimal bending diameter of 11 mm [97] results in the stress and strain plo�ed in
Figure 4.7 again using a tape without insulation layer. �e thickness coordinate is shown
on the horizontal axis and the dash-do�ed line indicates the neutral bending radius. �e
superconducting (ReBCO) layer is located at t = 72 µm and experiences a tensile stress σθ
equal to 670 MPa and a tensile strain of 0.46% in tangential direction (εθ).

Degradation and failure are more likely for bending with the superconductor in com-
pression (εθ < 0) as stated in [76]. Computing the stress and strain for this situation does
not change the �gure signi�cantly but only places the superconducting layer at the oppo-
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Figure 4.7: Individual layer stress (le�) and strain (right) while bending to a diameter of 11 mm.

site side of the neutral line (t = 22 µm). It now experiences radial tensile strain of 0.11%,
which explains the reduction in critical current shown in [58, 76].

Stress levels far above the yield limit of copper, are reached, resulting in plastic defor-
mation and stress relieving. Assuming a yield strength of 50 MPa (optimistic) for copper,
a minimal bending diameter of 300 mm is required to remain in the elastic regime and the
maximal tensile stress must remain below 67 MPa (27 N for a 4 mm wide tape). Tape or-
dered at SuperPower arrived on a reel, bend to a diameter smaller than 300 mm. It is unclear
how much plastic deformation the tape has experienced and the resulting internal stress
equilibrium is unknown. However, copper allows for a high amount of plastic deformation
before failure, reaching the ultimate tensile strength at 30% strain [46]. Measurements re-
ported in literature show no signi�cant superconductor degradation at the bending radius
of 11 mm [7, 76]. �erefore, the individual layer stress levels shown in Figure 4.6 and 4.7
are non-destructive for the superconductor performance and are used as limiting values.

4.3 Coil stress and strain

Figure 4.8 shows an illustration of the coil with its horizontal mid-plane in gray and the
r-z plane in green. On the r-axis, at z = 0, stress is computed analytically for cool-down,
Lorentz forces, interference �ts and winding tension (Section 4.3.1, 4.3.2 and 4.4). Addi-
tionally, for veri�cation, 2 dimensional FE computations are performed in the r-z plane for
cool-down and Lorentz force induced stress and strain (Section 4.3.1 and 4.3.2).

Four assumptions are made to compute the composite stress and strain in a single coil,
namely, 1) axi-symmetry, 2) zero tangential displacement (implying no shear in the r-θ
plane), 3) zero inertial body-forces and 4) no shear in the r-z plane. �e last assumption is
questionable for the coil described here, because shear in the r-z plane can be introduced by
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r

z
θ

Figure 4.8: Illustration of the coil with its mid-plane in gray and the r-z plane in green. �e coordinate
orientations are shown as well. Stress and strain are computed analytically on the radial axis.

Lorentz body-forces resulting from the non-uniform magnetic �eld density. �e resulting
error is analyzed below by comparison with the two dimensional (2D) �nite element anal-
ysis. Furthermore, axi-symmetry is lost when introducing neighboring and mover coils. So
these computations only describe the stress and strain in a single coil.

�e stress equilibrium is given by Equation (4.3) with fr the radial force density in
N/m3. �e general solution is derived in Appendix D and given by Equation (4.4) with
up the particular solution de�ned by body forces (F ), thermal strain (A) and axial loads
(Z). Strain and stress are derived from this radial displacement ur(r) in [m] and ζ [-] is a
material constant indicating the level of anisotropy.

∂σrr
∂r

+
1

r
(σrr − σθθ) + fr = 0 (4.3)

ur = c1r
ζ + c2r

−ζ + up(r) (4.4)

�e integration constants c1 and c2 are found using an inner and outer pressure as
boundary conditions on radial stress at inner and outer radius, given by Equation (4.5).
�e displacement, strain and stress solutions are given in Section D.5 by Equation (D.40)
to (D.44). �e displacement solution is restated by Equation (4.6). �e equivalent moduli
Ei(r) and Eo(r) in [Pa] provide displacements at radius r in [m] due to equivalent inner
and outer pressures pi,eq and po,eq in [Pa], respectively. �e remaining terms provide radial
displacements due to body-force (upF ), thermal strain (upA) and axial load (upZ). Radial and
tangential stress and strain for all relevant load-cases considered in this work are derived
from this equation and stated in Table 4.3. �ese equations are equivalent to [44] with the
exception of containing more terms for additional load-cases. Further explanation on the
individual parameters is found in Appendix D.

σrr(ri) = −pi
σrr(ro) = −po

(4.5)

ur(r) =
ri

Ei(r)
pi,eq −

ro
Eo(r)

po,eq + upF (r) + upA(r) + upZ(r) (4.6)
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Table 4.3: General solutions for radial and tangential stress and strain in a cylinder with orthotropic proper-
ties, loaded by body-forces, thermal strains and axial loads. Derivations and the terms correspond-
ing to the particular solutions are provided in Appendix D.

radial strain
εrr(r) = ζ

Ei,εr(r)
pi,eq − ζ

Eo,εr(r)
po,eq + εrF (r) + εrA(r) + εrZ

Ei,εr(r) =
r2ζo −r2ζi

rζi

[
1
E1
rζ − r2ζo

E2
r−ζ
]−1

r
ri

Eo,εr(r) =
r2ζo −r2ζi

rζo

[
1
E1
rζ − r2ζi

E2
r−ζ
]−1

r
ro

tangential strain
εθθ(r) = 1

Ei,εθ(r)
pi,eq − 1

Eo,εθ(r)
po,eq + εθF (r) + εθA(r) + εθZ

Ei,εθ(r) =
r2ζo −r2ζi

rζi

[
1
E1
rζ + r2ζo

E2
r−ζ
]−1

r
ri

Eo,εθ(r) =
r2ζo −r2ζi

rζo

[
1
E1
rζ +

r2ζi
E2
r−ζ
]−1

r
ro

radial stress
σrr(r) = ρi,r(r)pi,eq − ρo,r(r)po,eq + σrF (r) + σrA(r) + σZr

ρi,r(r) =
rζi

r2ζo −r2ζi

[
rζ − r2ζo r−ζ

]
ri
r

ρo,r(r) = rζo
r2ζo −r2ζi

[
rζ − r2ζi r−ζ

]
ro
r

tangential stress
σθθ(r) = ζρi,θ(r)pi,eq − ζρo,θ(r)po,eq + σθF (r) + σθA(r) + σθZ

ρi,θ(r) =
rζi

r2ζo −r2ζi

[
rζ + r2ζo r

−ζ] ri
r

ρo,θ(r) = rζo
r2ζo −r2ζi

[
rζ + r2ζi r

−ζ
]
ro
r

4.3.1 Cool-down

Cool-down stresses are computed within the winding pack, without internal or external
pressures, body-forces or axial loads, simplifying the solutions. Equivalent inner and outer
pressures reduce to pi,eq = σrA(ri) and po,eq = σrA(ro), respectively, and terms correspond-
ing to body-forces and axial loads equal zero. �e thermal strain particular solution for the
radial σrA and tangential σθA direction are equal and given by Equation (4.7), which is de-
rived from (D.35) and (D.36) using a uniform temperature change (na = 0). Furthermore,
ζ , ξ, bp, ar0 and aθ0 represent material properties corresponding to orthotropic anisotropy
and thermal strain parameters, as given by (D.12), (D.13) and (D.16). Combining with the
equations given in Table 4.3 results in Equation (4.8) and (4.9).

σrA(r) = σθA(r) =
1

bp

ar0 − aθ0
1− ζ2 r (4.7)

σrr(r) =
1

bp

ar0 − aθ0
1− ζ2 (ρi,r(r)ri − ρo,r(r)ro + r) (4.8)

σθθ(r) =
1

bp

ar0 − aθ0
1− ζ2 (ζρi,θ(r)ri − ζρo,θ(r)ro + r) (4.9)
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Figure 4.9 shows the stress and stress-induced strain (ε − α) on the coil mid-plane,
induced by cooling down to 4 K, as function of radius, using the orthotropic properties
from Table 4.2 with Kapton co-winding. Results from both analytical (lines) and the 2D-FE
computations (circles) are shown. Blue, red and yellow correspond to radial, tangential and
axial directions, respectively. Both computations provide almost identical results (except
for σz(ri)). Additionally, Figure 4.9 shows that the plane-stress assumption is suitable.
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Figure 4.9: Stress and stress-induced strain, due to cooling down to 4 K, based on analytical and 2D-FE com-
putations. Both corresponding to the coil mid-plane (z = 0).

Radial and tangential thermal strains for the orthotropic winding pack equal 3.6 mm/m

and 2.6 mm/m, respectively (Table 4.2). �us, on top of an isotropic thermal contraction
(2.6 mm/m), inducing zero stress, the radial (thickness) direction contracts an additional
1 mm/m. �erefore, each winding tries to pull loose from the neighboring windings. �is
results in a radial tensile stress (blue line, le� of Figure 4.9) throughout the coil, with a
maximum of 14 MPa, which will likely result in failure of the superconductor (transverse
stress limit equals 10 MPa to 25 MPa [58, 79, 99, 118]). A radial tensile stress would separate
the windings in dry-wound coils (as in a �at spiral spring) and the computations would
no longer be valid. �e inner and outer winding experience zero radial stress (blue line)
because pressures on the inner and outer radii equal zero, for this computation.

At a radius of r0 ≈ 19 mm, the tangential strain, red line at the right side of Figure 4.9,
equals zero (εθθ − αθ = 0). �is corresponds to zero radial displacement (ur = εθθr0
Section D.3). All windings are pulled towards r0 by the radial tensile stress, inducing a
tensile and compressive tangential strain (red line, right) for r < r0 and r > r0, respectively.
Additionally, the tangential strain induces radial Poisson contraction and expansion for
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r < r0 and r > r0, respectively (blue, right).
�e radial and tangential stress throughout the r − z plane induced by cooling down

to 4 K are computed using a two dimensional �nite element (2D-FE) computation and are
shown in Figure 4.10 and 4.11, respectively. �e undeformed cross-section is shown (gray
rectangle) and deformations are scaled by a factor of 50. Additionally, the symmetry axis
is indicated with a vertical black line, and the coil mid-plane with a horizontal black line.
No signi�cant stress variations are seen in the axial (z) direction, which substantiates the
plane stress assumption for the analytical calculation.

Figure 4.10: Radial stress induced by cooling down to 4 K based on a 2D-FE computation. �e total deforma-
tion (stress and thermally induced) is shown scaled by a factor of 50.

Figure 4.11: Tangential stress induced by cooling down to 4 K based on a 2D-FE computation. �e total de-
formation (stress and thermally induced) is shown scaled by a factor of 50.
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4.3.2 Lorentz force

Lorentz forces within the coil generate signi�cant stress and strain due to the high magnetic
�eld density ~B and current density ~J (up to 13 T and 1 kA/mm2, Table 2.2) as illustrated
in Figure 4.12. �e r− z plane is shown together with the magnetic �eld lines (red do�ed)
and current density (black crosses). �e Lorentz force density (blue arrows) is given by
~f = ~J × ~B in [N/m3] with the current density vector ~J =

[
0 Jθ 0

]T in [A/m2] and
magnetic �eld density vector ~B =

[
Br(r, z) 0 Bz(r, z)

]T in [T]. �e current density is
assumed uniform, i.e. independent of the r and z coordinates. Only a radial and axial force
component remain fr(r, z) = JθBz(r, z) and fz(r, z) = −JθBr(r, z), respectively.

r

z

ri

ro

h

~B

~J

~f

Figure 4.12: Coil cross-section in the r − z plane showing the current density (black crosses), magnetic �eld
density (red, do�ed) and Lorentz force density (blue arrows).

On the coil mid-plane, the radial �eld component Br equals zero resulting in no axial
(z-direction) body forces. However, there is an axial stress on the coil mid-plane, induced by
axial Lorentz forces fz on the top and bo�om half of the coil, as given by Equation (D.5). �e
average axial stress, given by Equation (4.10), is used in the analytical computations with
A the coil mid-plane area. Additionally, the axial magnetic �eld component Bz on the coil
mid-plane (z = 0) is accurately described by a linear relation of the radius [20] (Figure 2.18)
resulting in the radial body force given by fr(r) = Je(b0 + b1r) with Je = 1116 A/mm2,
b0 = 18 T and b1 = −654 T/m.

σz,avg =
1

A

∫ h/2

0

∫ ro

ri

2πrfz(r, z)drdz (4.10)
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�e particular solutions for body forces and axial loads, σrF , σθF , σrZ and σθZ (D.35),
(D.36) and (D.15), are used with the solutions from Table 4.3 to describe Lorentz force in-
duced stress and strain. �e comparison between analytical (solid lines) and 2D-FE compu-
tations (open circles) at the coil mid-plane (z = 0), is shown in Figure 4.13. �e stress and
strain for r, θ and z direction are shown in blue, red and yellow, respectively. �e 2D-FE
result at the coil top surface (z = h/2) is shown as well (dashed). �e right plot shows the
stress-induced strain ε− α, which is equal to the total strain ε because there is no thermal
contraction (α = 0). A larger di�erence is seen between analytical and 2D-FE computations
compared to the cool-down load-case, which is to be expected based on the shear induced
by the Lorentz force load-case. However, di�erences are still su�ciently small to provide
�rst order stress and strain estimations using analytical computations.
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Figure 4.13: Lorentz force stress and strain based on analytical and 2D-FE computations.

�e analytical axial stress (yellow solid line, le�) is constant at the average value of the
2D-FE result, and equals σz,avg = −15.5 MPa. �e tangential strain (red, right) is tensile
throughout the coil, which is directly related to radial displacement ur = εθθr (Section D.3),
indicating that the coil increases in radius. �is outward deformation is expected from
the Lorentz force loading, as in a cylindrical pressurized tank, and results in signi�cant
tangential tensile stress up to 174 MPa at the inner radius.

For the radial direction (blue), three e�ects play a role. First, the radial Lorentz force fr
is directed outward at the inner radius and decreases from 14.6 kN/m3 to −3.63 kN/m3,
directing inward at the outer radius. �is results in a radial tensile stress near the inner
radius and compressive stress near the outer radius (blue, le�). Secondly, radial stress must
equal zero at the inner and outer radius, which represent the boundary conditions with
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zero inner and outer pressures (Equation 4.5). �irdly, the tangential tensile strain (right,
red) causes Poisson contraction in radial and axial direction (blue and yellow, right).

Radial and tangential stress throughout the r−z plane, based on the 2D-FE computation,
are shown (colors) in Figure 4.14 and 4.15. �e deformation is scaled with a factor of 200
compared to the undeformed model (gray rectangle). Vertical and horizontal black lines
represent the coil axis and mid-plane, respectively. �e maximal radial stress increases by
a factor of 1.1 from the coil mid-plane to the top-surface.

Figure 4.14: Radial stress due to Lorentz forces in the r − z plane (colors). �e gray rectangle represents the
undeformed model and deformation is scaled by a factor of 200.

Figure 4.15: Tangential stress due to Lorentz forces in the r − z plane (colors). �e gray rectangle represents
the undeformed model and deformation is scaled by a factor of 200.
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�e coil experiences both Lorentz force and thermal loads at the same time. Figure 4.16
shows the summation of stress and strain from both load-cases. �e signi�cant radial ten-
sile stress of 23 MPa would likely de-laminate a wet-wound coil and the windings in a
dry-wound coil would certainly separate. �erefore, the coil is radially preloaded during
assembly using interference �ts and winding tension (Section 4.4.1 and 4.4.2) such that no
radial tensile stress occurs. Furthermore, the summed tangential strain (red line, right)
equals 0.2% at the inner radius, which reduces the critical current density [7]. �is strain
should be minimized to achieve highest performance.
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Figure 4.16: Summation of cool-down and Lorentz force stress and strain based on analytical and 2D-FE com-
putations.

�e Lorentz force induced stress is computed based on a uniform current density, which
is questionable in thin �lm superconductors. Due to zero resistance, the current is free to
redistribute within the tape cross-section. References [36, 38] state that HTS high �eld
coils (45.5 T) do not fail in the central region with the highest �eld, as expected from the
uniform current density approach. Failure is seen on the top and bo�om. A more detailed
description of current distributions and resulting stresses for high �eld magnets is given
in [114]. �e magnetic �eld density investigated in this thesis is signi�cantly lower, which
reduces mechanical loads proportionally. However, further research is required to validate
the coil design for non-uniform current densities.
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4.4 Coil design

�e coil design considered here is shown in Figure 4.17. �e mandrel is composed of a
steel core (gray) and brass bushing (yellow). Steel has a relatively low thermal strain (Ta-
ble 4.1), maintaining the radial compressive stress on the coil (orange) inner radius upon
cool-down. A thin walled brass bushing is press- or shrink-��ed around the steel core to
allow for �xation of the coil inner lead by soldering. Very thin ’bushings’ are possible by
electroplating the steel core with nickel and copper. �e mandrel (steel and brass) is not
removed from the coil such that the inner winding remains �xated and the stress state is
maintained. Finally, an aluminum ring (light gray) is shrink-��ed around the coil, �xating
the outer winding and providing radial compressive stress on the outer diameter.
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Figure 4.17: Coil design used to compute stress and strain induced by assembly, cool-down and Lorentz forces.
�e coil (orange) is wound on a mandrel composed of a steel core (gray) with brash bushing
(yellow). An aluminum ring provides radial compressive stress on the coil outer diameter.

�e coil assembly shown in Figure 4.17 is manufactured in three steps, mandrel assem-
bly, coil winding and shrink-��ing the outer ring. Additionally, the assembly is cooled to
4 K and energized by ramping the current, generating a magnetic �eld. Each of these steps
introduce stress and strain, which are computed and discussed below.

Co-winding with 25 µm Kapton (Table 4.2) is assumed at this stage, because full elec-
trical insulation of the individual windings is best understood. However, a coil without
electrical insulation (solder or no co-winding material) has advantages such as a high �ll
factor and improved quench stability, but has challenges as well, such as unbalanced forces
during a quench and current ramp delays as stated by [36]. Furthermore, comparing non-
insulated (NI) and insulated coils, a lower AC loss due to externally varying magnetic �elds
is reported for NI coils in [50] while [126] reports a higher AC loss for NI coils. �erefore,
stress and strain for the other co-winding options is analyzed as well, providing a compar-
ison in Section 4.4.7.
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4.4.1 Mandrel interference �t

Figure 4.17 shows the mandrel consisting of a brass bushing press-��ed over a steel cylin-
der. �e parts cannot be assembled without deformation and these assemblies are known
as interference-�ts. A contact pressure is generated on the contacting surface, which pro-
vides the required deformation such that the deformed radii in contact are equal. �is also
introduces a radial compressive stress in both parts. �e interference-�t of steel mandrel
and brass bushing is illustrated in Figure 4.18.

1 2

pc12

ro1
ri2

Figure 4.18: Illustration of the mandrel interference-�t with steel core (grey) and brass bushing (yellow). �e
outer radius of the inner part (1) ro1 (dashed) is larger than the inner radius of the outer part (2)
ri2 (do�ed). A deformation is required to assemble the parts and a contact pressure pc12 remains
when assembled.

�e contact pressure is derived using Equation (4.11) stating that the deformed radii
(r + ur) of both parts must be equal. �e general solution for the contact pressure pc12 is
given by Equation (D.47), which simpli�es to (4.12) without additional internal or external
pressures and thermal, axial or Lorentz force loads. �e contact pressure is proportional to
the interference (ro1 − ri2) and the equivalent sti�ness experienced on the interface.

ro1 + ur1(ro1) = ri2 + ur2(ri2) (4.11)

pc12 =

(
ro1

Eo1(ro1)
+

ri2
Ei2(ri2)

)−1
(ro1 − ri2) (4.12)

Figure 4.19 shows the resulting stress and stress-induced strain as function of radius,
using an interference of 10 µm on the diameter. Inner and outer radii of both parts are
indicated with vertical dashed lines. A contact pressure of 10 MPa is generated on the
interface. As expected, both inner and outer part experience radial compressive stress (blue,
le�) and the outer part experiences a tangential (hoop) tensile stress (red, le�) of 60 MPa

to 70 MPa. �is result is consistent with a value of 65 MPa found using the solution for an
internally pressurized thin walled cylinder σθ = pr/t, [8, p. C 40] with p = −σr the inner
pressure and r and t the brass cylinder radius and thickness, respectively. Finally, plane
stress is assumed, clearly seen by the zero axial stress (yellow, le�).
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Figure 4.19: Stress distribution in mandrel due to an interference of 10 µm on the diameter.

4.4.2 Winding

�e superconducting tape is wound onto the mandrel with a given wire tension σw, which
is used to provide radial compressive stress within the coil [2, 44]. Figure 4.20 shows the
resulting stress and strain a�er winding with a constant tension of 160 MPa. Using the
orthotropic material (with Kapton) gives the average stress in the superconducting tape. A
radial compressive stress (blue,le�) is achieved in the coil, reaching a value of −117 MPa

at the inner radius. However, the low modulus in radial direction Er results in a signi�cant
radial strain (blue, right) up to -0.6%, compressing the Kapton layer signi�cantly.

0 5 10 15 20 25 30 35
-250

-200

-150

-100

-50

0

50

100

150

200

0 5 10 15 20 25 30 35
-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Figure 4.20: Stress and strain induced a�er winding the superconducting tape with Kapton insulation on the
steel and brass mandrel. A winding tension of σw = 160 MPa is used.
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4.4.3 Outer ring

Vertical reaction forces from the mover exert axial loads on the coil. For a dry wound coil,
�xated axially using the mandrel (Section 3.2.3), forces are transmi�ed from outer to inner
winding via friction. �is requires su�cient radial compressive stress (i.e. normal force)
to prevent axial sliding of the individual windings. Equation (4.13) is used to compute the
required radial compressive stress resulting in 28 MPa at the inner and 6.5 MPa at the
outer radius, using Fz = 1.6 kN and µ = 0.1 for the axial force and coe�cient of friction,
respectively. Most of this compressive stress is provided by increasing the winding tension.

σr >
Fz/µ

2πrh
(4.13)

�e radial compressive stress required at the outer radius (6.5 MPa) cannot be provided
by the winding tension but is realized using an interference �t, shrinking an aluminum
ring onto the coil. A contact pressure equal to the required radial compressive stress and
a tangential stress in the ring below 200 MPa requires a thickness of at least 1.1 mm (t =

rσr/σθ, [8, p. C 40]). �e resulting stress and strain, induced by a ring of 1.5 mm thick
and with an interference of 60 µm on the diameter, is shown in Figure 4.21. Heating the
ring by 50 ◦C increases the inner diameter by 73 µm (αAl6061 = 22.5 µm/m K [31]). �e
compressive stress (3 MPa) on the coil outer radius increases upon cool-down due to the
higher thermal contraction of aluminum compared to the coil.

0 5 10 15 20 25 30 35
-250

-200

-150

-100

-50

0

50

100

150

200

0 5 10 15 20 25 30 35
-0.7

-0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0

0.1

0.2

0.3

Figure 4.21: Stress and stress-induced strain a�er shrink-��ing an aluminum ring, with an interference of
60 µm on the diameter, onto the coil.

4.4.4 Cool-down

�e assembly of mandrel, coil and outer ring is cooled down to 4 K. �is changes the stress
and strain distributions due to di�erences in thermal contraction, as shown in Figure 4.22.
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�e radial compressive stress (blue, le�) reduces at the coil inner radius to 78 MPa and
increases at the coil outer radius to 7 MPa. Additionally, tangential stress and strain (red
lines) are reduced to 107 MPa and 0.09%, respectively. �e outer ring experiences a maximal
stress of 150 MPa, which is still within material limits.
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Figure 4.22: Stress and stress-induced strain a�er cooling the coil assembly to 4 K.

4.4.5 Lorentz force

Finally, adding the stress and strain induced by Lorentz forces results in Figure 4.23. �e ra-
dial compressive stress (blue, le�) reduces to 30 MPa at the inner radius, which is su�cient
to withstand the axial loads.
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Figure 4.23: Stress and stress-induced strain due to Lorentz forces within the coil assembly at low temperature.
Both are more uniform throughout the coil compared to the cool-down load-case.
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4.4.6 Individual layer stress

All components in the coil assembly need to survive all the load-cases discussed above,
which is achieved for the mandrel and outer ring, with all stresses within acceptable lim-
its. However, only the average stress and strain in the orthotropic coil material is shown.
Values for individual layers can be signi�cantly di�erent, as seen in Figure 4.6 and 4.7.
�erefore, both stress and strain for the individual layers are derived using the equations
in Appendix C. However, plo�ing the graphs above for each layer would result in 25 dif-
ferent �gures, which are hard to compare. Instead, the maximal and minimal Von-Mises
stress σVM is computed for each layer and load-case using Equation (4.14) and the results
are given in Table 4.4. �e last column shows the maximal Von-Mises stress induced by
bending a bare tape to the critical diameter as shown in Figure 4.7.

σVM =

√
1

2
[(σr − σθ)2 + (σθ − σz)2 + (σz − σr)2] (4.14)

Table 4.4: Maximal and minimal Von-Mises stress in each layer, for each load case, based on the three principal
stresses (σrr , σθθ and σzz).

σVM [MPa] winding outer ring cool-down Lorentz Figure 4.7
layer material min max min max min max min max max
1 Copper 60 147 60 142 156 192 171 195 999
2 Silver 44 101 44 101 218 246 228 245 373
3 Hast. C276 78 253 78 243 11 148 71 153 919
4 ReBCO 70 189 70 182 216 258 234 262 686
7 Kapton 4 59 4 59 12 47 12 34

Stresses for all layers and load-cases remain well below the values experienced during
bending. �erefore, no superconductor degradation or mechanical failure is expected. �e
maximal stress seen in both copper and silver are likely to cause plastic deformation and
partial stress relieving (yield strengths below 100 MPa). However, as stated in Section 4.2,
copper has a high ductility, with an ultimate tensile strain in the range of 30% [46].

No strain criterion is known that combines the directional strains into a single value
representing the total strain state. �erefore, the maximal and minimal strains (r, θ and
z) for all load-cases combined, experienced by each layer, are provided in Table 4.5. �e
maximal absolute value for strains in the copper and silver layers, provided in Table 4.5, do
not exceed 0.15% and 0.27%, respectively. �erefore, no mechanical failure is expected in
these layers. Only the Hastelloy substrate (Hast. C276) experiences a radial tensile strain,
for the other layers, the maximal values (bold) are compressive. Radial strain in the super-
conducting layer ranges from -0.12% to -0.03%, therefore, no transverse de-lamination is
expected.
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Table 4.5: Maximal and minimal principal stress-induced strains (εrr , εθθ and εzz) in each layer, for all load-
cases combined.

ε− α [%] coil load-cases Figure 4.7
material dir. min max min max

1 Copper
r -0.13 -0.04 -0.27 0.27
θ -0.01 0.15 -0.86 0.86
z -0.04 0.09 -0.25 0.25

2 Silver
r -0.27 -0.05 -0.20 0.20
θ -0.01 0.24 -0.49 0.50
z -0.04 0.18 -0.15 0.15

3 Hast. C276
r -0.08 0.01 -0.13 0.13
θ -0.06 0.13 -0.46 0.44
z -0.06 0.03 -0.14 0.14

4 ReBCO
r -0.12 -0.03 -0.11 -0.11
θ -0.01 0.17 0.44 0.46
z -0.04 0.11 -0.14 -0.13

7 Kapton
r -2.78 -0.05
θ -0.01 0.27
z -0.04 0.21

�e average radial strain within the orthotropic material reaches below -0.6% a�er wind-
ing (Figure 4.20). �e individual layer strains (Table 4.5) show that this deformation is con-
centrated in the Kapton layer with a minimal radial strain of -2.78%. No failure of the Kapton
layer is expected for the loads presented here, with a tensile strength above 100 MPa and
maximal strain in the range of 9% [68].

�e plastic deformation of copper and silver layers results in stress relieving. However,
a signi�cant radial compressive stress is required to prevent de-lamination and to transmit
axial loads. Further research is required to indicate if su�cient compressive stress remains.

4.4.7 Co-winding comparison

Average coil stress and strain is computed for each of the four co-winding options stated in
Table 4.2 (Kapton, Stainless 304, no co-wind or solder) and for all load-cases. �e coil design
remains the same, only the winding tension is tuned, such that su�cient compressive stress
is achieved. From the four options stated, only the turn-to-turn soldered coil requires less
radial compressive stress because winding �xation is not based on friction. �e same would
hold for a turn-to-turn glued coil (e.g. using Stycast 2850FT). Winding tensions required
equal 160 MPa, 115 MPa, 125 MPa and 125 MPa for the Kapton, Stainless 304, none and
solder, respectively. Additionally, slightly di�erent stress distributions throughout the coil
are found for each option. However, the stress magnitude does not di�er signi�cantly.

�e individual layer stresses and strains are computed as well for each of the options
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and for each load-case. �e maximal Von-Mises stress max (σVM) is used to make a com-
parison as shown in Figure 4.24. Stresses in the Hastelloy substrate (blue), superconduct-
ing (ReBCO) layer (red) and copper layers (green) are shown for the three most demanding
load-cases; winding, cool-down and Lorentz force (horizontal axis). Each of the co-winding
options; Kapton (−), stainless steel (−−), Solder 50%Pb-50%Sn (− · −) and no insulation
(· · · ), is shown.
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Figure 4.24: Comparison of maximal Von-Mises stress within the Hastelloy substrate (blue), ReBCO layer (red)
and copper layers (green). Lines are shown for each co-winding option: Kapton (−), stainless steel
(−−), Solder 50%Pb-50%Sn (− · −) and no insulation (· · · ).

As stated before, the maximal Von-Mises stresses do not di�er by a large amount. Com-
paring with the limiting stresses from Section 4.2, no superconductor degradation is ex-
pected in any of these coils. �e coil wound with Kapton insulation (−) experiences the
highest Von-Mises stress in each layer (ReBCO, Copper and Hastelloy). In a coil with stain-
less steel co-wind (−−), all three layers experience lower stresses, which are preferred,
especially in the copper layer, reducing the amount of plastic deformation. For the soldered
option, the increased soldering temperature should be taken into account. Furthermore, it
is a challenge to estimate the stress state a�er the solder has melted.

�ermal stability, AC losses and quench behavior of these superconducting coils have
to be taken into account before a choice of co-winding material is made for all coils in
the magnet plate. However, in experimental coils, Kapton is chosen as the co-winding
option, which simpli�es the design of a quench detection system based on well established
principles.
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Realization

E�orts have been undertaken to realize a superconducting coil and perform measurements
validating electromagnetic and mechanical behavior. However, due to the COVID-19 pan-
demic, resulting in lock-down of the laboratories at Eindhoven University of Technology
(TU/e) and at the University of Twente (UT), and of the manufacturing capabilities at Pro-
drive Technologies, coil assemblies have not yet been realized, unfortunately. Required
preparations have been taken and are discussed in Appendix E.

4.5 Conclusion

Mechanical analysis and manufacturing considerations for a superconducting coil are de-
scribed. Temperature dependent material properties are discussed, and room-temperature
values are used as a worst-case estimation. Additionally, a material model is derived pro-
viding orthotropic properties for the layered superconductor including four options for a
co-winding layer (Kapton, Stainless, none and solder).

Two limiting load cases for the superconducting tape are analyzed, pure tension (0.45%
strain) and bending (to a diameter of 11 mm) as provided by the supplier. Both copper and
silver layers will deform plastically for these load-cases, while no superconductor degra-
dation is reported in literature. A minimal bend diameter of 300 mm would be required to
prevent plastic deformation of the copper layer (yield stress of 50 MPa).

�e general solution to the axisymmetric stress di�erential equation is derived includ-
ing body forces, thermal strains and axial loads. Cool-down and Lorentz force induced
stress and strain are computed resulting in a maximal radial tensile stresses of 23 MPa,
which is problematic. Winding tension and interference �ts are proposed to ensure a com-
pressive radial stress, throughout the coil, for all load-cases. Winding tensions of 160 MPa,
115 MPa, 125 MPa and 125 MPa are required for Kapton, stainless steel, none and solder
co-winding material, respectively.

Stress and strain are computed for coil winding, cool-down and Lorentz force load-cases,
for co-winding with Kapton and include the mandrel and an outer ring. Su�cient radial
compressive stress is generated while all stresses and strains remain well within limits for
superconductor degradation. However, both copper and silver layers deform plastically,
resulting in stress relieving. Further research is required to indicate if su�cient radial com-
pressive preload remains.

�e realization and measurement of a superconducting coil based on Kapton co-winding
with voltage taps, strain gauges and hall-sensors was planned but unfortunately not exe-
cuted, mainly due to the COVID-19 pandemic. Preparations are discussed in Appendix E.





Chapter 5

Conclusions and recommendations

�is work describes the design and analysis of a superconducting magnet plate based on DC
coils using ReBCO (Re= rare earth, barium, copper oxide) thin �lm superconductors. �e main
conclusions are stated in this chapter together with recommendations for future work.

5.1 Conclusions

Based on the work presented in this thesis, realization of a superconducting planar motor
is feasible and enables a signi�cant increase in motor performance. An improvement of
5–10x in the maximal acceleration capability of a planar motor is targeted for future semi-
conductor lithography machines. Acceleration is proportional to the planar motor force
(Newton’s second law), which is proportional to current density in the moving coils and
magnetic �eld density at the moving coil location. Currently available high temperature
superconducting (HTS) tapes can provide current densities in the range of 1 kA/mm2 at
temperatures below 20 K (ReBCO thin �lms). Using superconducting direct current (DC)
coils, increasing magnetic �eld density at the mover coil location, is proposed in this work.

A stable low-temperature environment (cryostat) is required to utilize the supercon-
ducting properties. However, cooling e�ciency is low, requiring approximately 2 kW of
input power at room-temperature to remove 1 W of heat at a temperature of 4 K. �is tem-
perature of 4 K is proposed here, to make e�cient use of the costly superconductors with a
maximal magnetic �eld density 1.3x higher compared to using a temperature of 30 K. Fur-
thermore, the motor application requires a thin cryostat top surface to bene�t from the high
magnetic �eld provided by the superconducting coils. Additionally, a high sti�ness �xation
is required to allow for highly dynamic motor set-points, while simultaneously the heat load
to low-temperature components must remain minimal. Finally, a thorough magnetic and
mechanical performance assessment is required when designing a superconducting coil.
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Electromagnetic coil design

An e�cient coil geometry, in terms of magnetic �eld density per unit of coil volume, is de-
rived, which is important due to the high cost of superconducting tapes (40 $/m, for a 4 mm

wide, 0.1 mm thick tape). �e maximal (critical) current density within the superconduct-
ing tape depends on temperature and the local magnetic �eld density vector (magnitude
and direction). A semi-empirical model, ��ed to superconducting material properties, is
used to �nd the critical location and provide an estimation of maximal current density as
function of coil geometry. An inner and outer diameter of 15 mm and 65 mm, respectively,
are proposed based on a magnetic pitch of 50 mm. Coil heights of 12 mm and 8 mm are
proposed for a high performance and an economic option, respectively, both enabling high
performance over cost. Compared to a planar Hall-bach permanent magnet array, the peak
magnetic �eld density increases by 8.0x and 6.4x for the 12 mm and 8 mm coil, respectively.
�e superconducting coils experience reaction forces from the mover and a�raction from
neighboring coils (opposite polarization) resulting in forces of F12 = 7.1 ± 3.0 kN and
F8 = 4.0 ± 2.4 kN for the 12 mm and 8 mm coil, respectively. Additionally, a �rst estima-
tion of AC losses is provided resulting in about 9 W of heat generation for a full magnet
plate with two movers, which is the largest source of heat at 4 K.

Cryostat design

�e cryostat with dimensions (B x L x H) of 1.5 m x 2.5 m x 0.3 m, consists of a cold frame,
heat shield, vacuum vessel and mechanical �xations. An actively cooled thermal radiation
shield at a temperature of 80 K reduces the required cooling capacity by more than a factor
of 20. Multi-layer-insulation (MLI) is proposed on the side and bo�om surfaces of the cold
frame. �e combined thermal load for the cryostat side and bo�om surfaces, current leads,
�xation and thin top insulation amounts to 2.6 W at the lowest temperature level of 4 K

and 240 W to the thermal shield at 80 K. When including AC losses in the superconducting
coils, approximately 12 W of heat is expected at 4 K.

�ermal conduction through mechanical �xations is directly proportional to sti�ness
when loading in pure tension and compression. �e ratio of sti�ness over thermal conduc-
tion is de�ned by material parameters only. �e proposed �xation concept combines the
cold frame, thermal shield and vacuum vessel to act together as the balance mass (3000 kg).
Sti�ness values in the order of 108N/m are required between di�erent temperature levels
to achieve a minimal natural frequency of 40 Hz in constrained directions. When using
stainless steel, this sti�ness results in heat loads of 0.3 W and 2.8 W to the cold frame (4 K)
and heat shield (80 K), respectively. Kevlar (aramid �ber) performs best in terms of sti�ness
versus thermal conduction, and could reduce heat loads by a factor of 3.

An aluminum sandwich panel (height of 200 mm and face-sheet thickness of 10 mm) is
proposed for the cold frame. Minimal natural frequencies of 133 Hz and 149 Hz are found
for the torsion and bending mode, respectively, including the superconducting coil mass.
�ese coils are �xated in a magnet plate, which transmits the coil-to-coil a�raction forces.
A symmetric design based on a single plate at the coil mid-plane, prevents large bending
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moments and results in minimal loss of magnetic �eld density. �e out-of-plane sti�ness
of the magnet plate is provided by the sandwich cold frame and the interface is designed
to allow for di�erences in thermal contraction without inducing large stresses.

Two concepts for a thin thermal insulation (5 mm) that are capable of resisting the pres-
sure di�erence during pump-down and venting, as well as landing forces from the mover,
are analyzed and compared. �e �rst concept uses spherical spacers to separate insulation
layers, including passive shields, resulting in small (Hertzian) contact areas and high load
capacity. A heat transfer to the cold frame at 4 K of 0.25 W is found for a pressure di�er-
ence of 10 Pa (typical during operation in the machine) while the heat transfer amounts
to 538 W at 4 K for a pressure di�erence of 105Pa. �e second concept uses vertical struts
for support of the vacuum vessel top plate with respect to the room-temperature frame, no
physical contact between di�erent temperature levels is made for the thermal insulation
function, which eliminates thermal conduction. A heat load of 1.1 W to the cold frame at
4 K is found, independent of the pressure di�erence over the top plate. �is strut-based in-
sulation concept is chosen for the demonstrator design, allowing for atmospheric pressure
on the insulation outside surface, thereby simplifying experiments.

A �rst demonstrator based on 24 coils is designed and realized, consisting of the cold
frame, heat shield, �xation and thin thermal insulation. �is cryostat assembly is pumped to
low pressure, showing that the thin thermal insulation can withstand a pressure di�erence
of 105Pa and no virtual leaks were found. �e demonstrator, which is designed for motor
forces in excess of 10 kN, can be used for motor performance validation.

Mechanical coil design and analysis

�e superconducting (ReBCO) tape consists of multiple layers of di�erent materials, that
is, copper, silver, Hastelloy C276 and the ReBCO superconductor layer. A material model is
derived, including co-winding layers such as Kapton (polyimide), stainless steel or solder,
which provides orthotropic material parameters that are used as input to analytical and two
dimensional �nite element (2D-FE) computations.

It is essential to remain below the material stress and strain limits, such that mechanical
failure of the superconducting tape is prevented. �ese limits are not easily found because
the actual alloys and compounds used are unknown. However, the supplier provides two
critical load-cases, that is, tension to 0.45% strain and bending to a radius of 5.5 mm. For
these two load-cases, the individual layer stresses and strains are computed, providing lim-
iting values for each material layer. No superconductor degradation is reported for these
load-cases, however, the copper and silver layers experience signi�cant stress and strain,
certainly resulting in plastic deformation.

�e superconducting coil is wound on a mandrel, cooled to low temperature and ener-
gized by ramping the current. Stress and strain induced by cooling down and Lorentz force
loads are computed for the coil with Kapton insulation. �e analytical and 2D-FE compu-
tations show nearly identical results providing con�dence in the analytical assumptions.
�e resulting radial tensile stress of 23 MPa is likely to de-laminate the superconducting
tape at a radius of 12 mm on the coil top and bo�om surfaces. A winding tensile stress of
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160 MPa, in combination with interference �ts on a steel mandrel and an aluminum outer
ring, provide su�cient radial compressive stress to compensate cool-down and Lorentz
force induced tensile stresses. �e stress and strain values for all load-cases and all mate-
rial layers remain well below the limits provided by the supplier, thus, no superconductor
degradation is expected. �e copper and silver layers are likely to deform plastically. How-
ever, mechanical rupture is not expected due to the high ductility of these materials. Finally,
the required winding tension for each of the co-winding materials is computed, resulting
in 115 MPa, 125 MPa and 125 MPa for stainless steel, solder and no co-winding material.
A Kapton insulation is chosen for experimental coils because the electrical properties are
best understood at the time of writing.

Based on the work presented in this thesis, application of a superconducting planar mo-
tor in next generation semiconductor lithography machines is considered feasible and an
increase in magnetic �eld density of a factor of 5–8 compared to a state-of-the-art planar
motor, is expected. With force proportional to magnetic �eld density, the same improve-
ment factor is expected in force generation.

Additionally, the current density in mover coils can be reduced, quadratically reducing
power dissipation, or a smaller number of coils may be applied in the mover, simplifying
mover design signi�cantly. �ese improvements have been enabled by the thin thermal
insulation designs, and compact preloaded coil assembly as described in this work.

5.2 Recommendations

A thorough experimental validation of the electromagnetic and mechanical coil analyses
has, unfortunately, not been performed due to time limitations and restrictions from the
COVID-19 pandemic. Preparations for realizing a superconducting coil and performing
measurements have been performed. A coil design including strain-gauges, hall-sensors,
voltage taps and temperature sensors has been made to provide additional con�dence in
the theoretical analyses performed in this work. Furthermore, experiments were planned
to assess the extend of AC losses within a single coil due to an external changing magnetic
�eld. �is is an important point of further investigation as it is the largest source of heat
generation at the low-temperature level.

A more detailed design of the full magnet plate is required to clarify further manufac-
turing details. An additional experiment using two identical coils, electrically connected
such that opposite polarizations are achieved, can be used to validate the proposed mag-
net plate design and can be performed in a relatively small helium cryostat. �e mutual
a�ractive load of the coils is signi�cant and experimental validation is considered valuable.

�e demonstrator that is realized, including cold-frame, heat-shield and vacuum vessel,
was set up to enable thermal and mechanical experiments. However, the thermal perfor-
mance has, unfortunately, not been tested yet. It is recommended to cool-down the demon-
strator, which allows for validation of the thermal insulation and �xation designs. �e
computations are based on �rst principles regarding radiative and conductive heat transfer,
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which provides signi�cant con�dence. However, an experimental validation is considered
key to �nd details and practicalities that might have been overlooked.

Finally, the realization of a superconducting magnet plate and integration in the demon-
strator provides means to measure actual magnetic �eld densities outside the insulation.
Performance potential can be measured and the minimal insulation thickness can be found.
Additionally, the demonstrator is designed to withstand forces in excess of 10 kN, which
allows for experiments with force generation by a single or three commutated mover coils.
Aspects such as force ripple and AC losses can be measured providing key input to further
assess the superconducting motor potential.
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Appendix A

Planar motor principle

�eworking principle of an electromagnetic planar motor is explained. Starting with a descrip-
tion of force generation. �en, the electromagnetic relations are described including commu-
tation. Additionally, the three dimensional magnetic �eld density above an array of circular
DC superconducting coils is derived. �is magnetic �eld density is then used to compute the
Lorentz force volume integral for a set of three commutated racetrack coils (forcer). �e re-
sulting forces and torques are plo�ed illustrating the potential of a superconducting motor.
Finally, an alternative magnet plate con�guration is introduced, which has symmetry lines
at 120°. �is allows for a symmetric, three forcer, mover design with six actuated degrees of
freedom.
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A.1 Planar motor description

Figure A.1 shows a top view and cross-section of a planar motor embodiment.
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Figure A.1: Top view and cross-section of an electromagnetic planar motor embodiment. Four sets of three
coils (forcers) are shown (orange) above a magnet plate (light and dark gray) with Hallbach con�g-
uration. Each forcer provides a force in horizontal and vertical direction (red arrow) and together,
6 degree of freedom control is achieved. Continuously alternating magnetic �eld density in x-
and y-direction allow for large stroke motion.
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Each set of three racetrack shaped coils (forcer, orange) experiences magnetic �eld lines
in horizontal and vertical direction. �erefore, each forcer is able to provide a force (red
arrow) at an angle α with the horizontal direction, in a plane perpendicular to the length
direction lc of the coils (cross-section). Essentially, three forcers are su�cient to control
six degrees of freedom. However, a higher number of forcers, e.g. four as shown, provides
a symmetric design above a square array of magnets [19]. Section A.6 provides a magnet
plate with three-fold symmetry as a starting point for a 6 degree of freedom planar motor.
�e following sections describe the force and electromagnetic relations for a single forcer.

A.2 Planar motor force

�e force generated by a single racetrack coil is computed in 2 main ways [19]. First, using
the Lorentz force law given by Relation (A.1) with ~F the force vector in [N], ~J the current
density vector in [A/m2], ~B the magnetic �eld density vector in [T] and V the coil volume
in [m3]. Similarly, the torque (intrinsic in planar motors [19]) is given by Relation (A.2)
and acts as a disturbance on the forcer with ~r a vector pointing from the point of force
generation to the torque reference point.

~F =
y

~J × ~BdV (A.1)

~T =
y

~r × ~J × ~BdV (A.2)

Secondly, the electric input power based on the magnetic �ux linked by the coil is used
to compute the force, as given in Section A.3. �e magnetic �eld density or vector potential
at the mover coil location must be known. Section A.4 describes the derivation of magnetic
�eld density and vector potential for a superconducting magnet plate.

A.3 Electromagnetic relations

Deriving the electromagnetic motor properties starts with the general voltage equation for
a single racetrack coil, as given by Relation A.3 [19]. �e voltage of coil 1 u1 in [V] (Fig-
ure A.1) equals the sum of a resistive term with i1 the current in [A] and R1 the resistance
in [Ω] and an inductive term with φ1,tot the total magnetic �ux linked by coil 1.

u1 = i1R1 +
dφ1,tot

dt
(A.3)

�e total �ux linked by coil 1 originates from three main sources, the coil itself φ11,
the neighboring coils φ1k and the magnet plate φmp,1. �ese three terms are given by Re-
lation (A.4), (A.5) and (A.6), respectively, with L1 the self-inductance of coil 1, M1k the
mutual inductance from the kth coil, which can include coils from other forcers and ~Pf1 the
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position vector of forcer 1 (blue in Figure A.1). �e racetrack coil length lc is chosen such
that �ux variation due to movement in y-direction and torques in φ-direction are minimized
and that the linked �ux is a function of x and z only [19].

φ11(i1) = L1i1 (A.4)

φ1k(ik) = M1kik with k = 2, 3, ... (A.5)

φmp,1

(
~Pf1

)
= φmp,1 (x, y, z) = φmp,1(x, z) (A.6)

Inserting the linked �ux relations into the voltage equation results in Relation (A.7).
�e assumption is made that each racetrack coil is identical such that φmp,k = φmp. �e
electrical power Pe is given by Relation (A.8) [19]. �e motor constants K1x and K1z

are given by Relation (A.9) and (A.10), respectively. Additionally, the mechanical power
Pmech = Fv = iKv is recognized in the last two terms, which gives Relation A.11 for the
force of coil 1.

u1 = i1R1 + L1
di1
dt

+
3∑

k=2

M1k
dik
dt

+
∂φmp
∂x

dx

dt
+
∂φmp
∂z

dz

dt
(A.7)

Pe1 = i1u1 = i21R1 + i1L1
di1
dt

+ i1

3∑
k=2

M1k
dik
dt

+ i1K1x
dx

dt
+ i1K1z

dz

dt
(A.8)

K1x =
∂φmp(x, z)

∂x
(A.9)

K1z =
∂φmp(x, z)

∂z
(A.10)

~F1 =

[
F1x

F1z

]
= i1

[
K1x

K1z

]
(A.11)

�e magnet plate is designed such that the mover coils experience a continuously al-
ternating magnetic �eld in x and y direction resulting in the linked �ux given by Rela-
tion (A.12) [19]. �e peak linked magnet plate �ux φ̂mp is scaled with an exponential decay
for the z direction with c a geometry dependent constant and p the magnet plate pitch.
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Additionally, a sinusoidal scaling is seen with a period corresponding to the magnetic pitch
representing the alternating linked �ux. �e single sinusoidal term can be interpreted as
the �rst term of a Fourier series. Adding additional (higher order) terms does not change
the derivations signi�cantly. �e three racetrack coils in a forcer have a pitch equal to 4p/3

as indicated in Figure A.1. �is results in a phase shi� in the linked �ux given by Rela-
tion (A.13) [19]. Inserting the phase shi� and linked �ux into the motor constant relations
results in (A.14) and (A.15) for each of the three coils.

φmp(x, z) = φ̂mpe
− c
p
z sin

(
πx

p

)
(A.12)

Φ(k) = (k − 2)
2π

3
(A.13)

Kkx(x, z) =
π

p
φ̂mpe

− c
p
z cos

(
πx

p
+ Φ(k)

)
with k = 1, 2, 3 (A.14)

Kkz(x, z) = − c
p
φ̂mpe

− c
p
z sin

(
πx

p
+ Φ(k)

)
with k = 1, 2, 3 (A.15)

A three phase ampli�er is used to provide the sinusoidal currents given by Relation (A.16).
An additional phase shi� α is included, which de�nes the force angle with respect to the
horizontal as derived below.

ik(x) = Î cos

(
πx

p
+ α + Φ(k)

)
(A.16)

�e total force is given by Relation (A.17) which shows a summation of force generated
by each racetrack coil. Inserting the motor constants and three phase currents results in
Relation (A.18), which simpli�es considerably and shows that the force is independent of
the x coordinate. Force constants for the three racetrack coils combined Kx and Kz are
given by Relation (A.19) and (A.20), respectively.

~F =

[
Fx
Fz

]
=

[∑3
k=1Kkxik∑3
k=1Kkzik

]
(A.17)

~F = Î

 Kx(z)
∑3

k=1 cos
(
πx
p

+ Φ(k)
)

cos
(
πx
p

+ Φ(k) + α
)

−Kz(z)
∑3

k=1 sin
(
πx
p

+ Φ(k)
)

cos
(
πx
p

+ Φ(k) + α
) =

3

2
Î

[
Kx(z) cosα

Kz(z) sinα

]
(A.18)
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Kx(z) =
π

p
φ̂mpe

− c
p
z (A.19)

Kz(z) =
c

p
φ̂mpe

− c
p
z (A.20)

Relation (A.18) is inverted to �nd the desired peak current as function of the desired
force resulting in Relation (A.21). Similarly, the phase angle, i.e. force angle, α is given by
Relation (A.22).

Î(t) =
2

3

√(
Fx(t)

Kx

)2

+

(
Fz(t)

Kz

)2

(A.21)

tanα =
sinα

cosα
=

Kx

Fx(t)

Fz(t)

Kz

(A.22)

�e electromagnetic working principle of the planar motor is described with the rela-
tions above. However, it is based on the linked magnet plate �ux φmp which is not easily
derived. An approximation can be made, as shown in Figure A.2, reducing the racetrack coil
to a single average winding (purple), computing the �ux φavg perpendicular to and passing
through the enclosed area Aavg (cross-hatched purple) and multiply with the number of
windings N as given by Relation (A.23) and (A.24), respectively.

top view cross-section

Aavg
average winding

Figure A.2: Top view and cross-section of a racetrack coil with the average winding (purple solid line). �e
linked �ux is found by integrating the magnetic �ux density over the area Aavg .

φavg =
x

Aavg

B⊥ · dA (A.23)

φmp ≈ Nφavg (A.24)

�e change in linked �ux directly drives the coil voltage and provides a clear descrip-
tion of the commutation principle. However, the Lorentz force volume integral, given in
Section A.2, provides a more direct method for the force computation and is used in [18, 19].
�is requires the magnetic �eld density in 3D space, which is derived below.
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A.4 Magnet plate magnetic �eld density

A fully analytical solution is not available for the magnetic �eld density ~B of a circular
coil with rectangular cross-section. However, relations are provided in [21] describing the
analytical solution using trigonometric integrals (instead of Bessel and Struve functions).
�is allow for fast and accurate computation of magnetic �eld density and vector potential
for any point in the coil cross-sectional plane (r-z).

Figure A.3 shows the circular coil in a top view on the le� and cross-sectional view
on the right. A global Cartesian coordinate system is depicted in red with origin O0 and
superscripts G. Additionally, two local coordinate systems, cylindrical and Cartesian, are
depicted in blue, both with origin O1. �e Cartesian and cylindrical components of vectors
~PG, ~OG

1 and ~P 1 are given by Relation (A.25) and (A.26).

~PG =

PxGPyG
PzG

 ~OG
1 =

O1,xG

O1,yG

O1,zG

 ~P 1 =

Px1Py1
Pz1

 = ~PG − ~OG
1 (A.25)

~P 1 =

Pr1Pθ1
Pz1

 =


√
P 2
x1

+ P 2
y1

arctan (Py1/Px1)

Pz1

 (A.26)

xG

yG

x1

θ1

z1

OG

O1

r1
�P 1

�PG

�OG
1

P

Br

Bθ

Bx

By

zG

yG

y1

r1

top view cross-section
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Figure A.3: Top and cross-sectional views of a circular coil with rectangular cross-section. Global (G, red)
Cartesian and local (1, blue) Cartesian and cylindrical systems are depicted. �e point of interest
P with the magnetic �eld density components Bx,y,r,θ at that point is indicated as well.

�e magnetic �eld density components in the point P are illustrated as well. Conver-
sion from local cylindrical to global Cartesian components is given by Relation (A.27). �e
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magnetic �eld density solution of a single coil in local cylindrical coordinates ~B1(r1, z1) is
given in [21]. When the vector ~OG

1 is known, ~P 1 can be computed from ~PG and inserted
in the relation below to compute the magnetic �eld density in global coordinates.

~BG(~P 1) =

Bx

By

Bz

 =

cosPθ1 − sinPθ1 0

sinPθ1 cosPθ1 0

0 0 1

Br

Bθ

Bz

 = T(Pθ1) ~B(Pr1 , Pz1) (A.27)

Figure A.4 shows an array of circular coils together with the global coordinate system.
Coil magnetization directions are alternated with the north-pole (N, blue) or south-pole (S,
gray) directed in positive z-direction. �is provides a repetitive alternating magnetic �eld
density which is required for motor operation.
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Figure A.4: Top and side view of an array of circular coils with magnetic pitch p. �e global coordinate
system is shown in red and the coil origin coordinates are given by Relation (A.28). �e point of
interest with respect to the global system P is shown as well. Additionally, the magnetic polarity
is indicated with a �ux line in the side view.

Coil center locations ~O(m,n) in the global coordinate system are based on the magnetic
pitch p as given by Relation (A.28). �e number of north and south pole coils are given by
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(A.29) and (A.30), respectively.

~O(n,m) = p

−N + 2n− 1

−M + 2m− 1

0


G

(A.28)

NN =
Lx
2p

MN =
Ly
2p

+ 1 (A.29)

NS =
Lx
2p

+ 1 MS =
Ly
2p

(A.30)

�e magnetic �eld density at point P is found by summation of the �eld from each
coil as given by Relation (A.31). �e point of interest, expressed in local cylindrical coil
coordinates ~P (n,m), is computed using Relation (A.25) and (A.26).

~BG =
N∑
n=1

M∑
m=1

T
(
Pθ(n,m)

)
~B
(
Pr(n,m)

, Pz(n,m)

)
(A.31)

Figure A.5, A.6 and A.7 show the magnetic �eld density components at 10 mm above
the coil surface (zG = 10 mm), using the coil geometry (hcoil = 12 mm) and current density
from Chapter 2.

Figure A.5: Magnetic �eld density component Bx at 10 mm above the superconducting magnet surface. �e
x and y coordinates are normalized with the magnetic pitch p.
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Figure A.6: Magnetic �eld density component By at 10 mm above the superconducting magnet surface. �e
x and y coordinates are normalized with the magnetic pitch p.

Figure A.7: Magnetic �eld density component Bz at 10 mm above the superconducting magnet surface. �e
x and y coordinates are normalized with the magnetic pitch p.

A.5 Forces and torques for a superconducting motor

A computation is performed with a point spacing of 2 mm in the racetrack coils to �nd the
forces and torques. Each of these points has a current density vector ~J which is position
dependent and the cross-product with the magnetic �eld density vector ~B at that point is
computed. �e racetrack point grid with current density vectors is shown in Figure A.8.
Inner and outer diameters of 11 mm and 66 mm are used together with a height of 12 mm

and a straight section length of 159 mm.
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Figure A.8: Grid of points within the racetrack coils of a forcer. Blue lines indicate boundaries and red dots
represent Lorentz force evaluation points.

�e phase current densities, forces and torques in all directions are plo�ed in Figure A.9
as function of the x coordinate normalized with the magnetic pitch p. A maximal force of
7.8 kN ± 0.3 N is achieved in x-direction with a peak current density of 35 A/mm2. Par-
asitic forces in y and z direction are in the range of ±12.5 N and ±0.8 N, respectively.
Additionally, parasitic torques in φ, ψ and θ-direction are generated equal to ±10 Nm,
−31 Nm ± 308 Nm and ±31 Nm, respectively. Clearly, the forces are nearly independent
of position and a be�er balancing of the torques can be achieved by resizing the racetrack
coils [20].
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Figure A.9: Phase currents, forces and torques from a single forcer as function of the x-coordinate. A peak
current density of Ĵ = 35 A/mm2 is used with α = 0°.
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A.6 Magnet plate with a three-fold symmetry

�e planar motor design with a rectangular grid of magnets is based on movements in
two perpendicular directions, x and y. �is leads to four (or more) forcers for a symmetric
design where only three are required to de�ne six degrees of freedom. Using a magnet plate
with triangular magnets and symmetry lines at 120◦ together with three sets of coils, each
providing forces in two directions, results in a symmetric design, actuating 6 degrees of
freedom, as shown in Figure A.10.
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Figure A.10: Top view of a magnet plate with three-fold symmetry. Equilateral triangular magnets are shown
in the top half and a Hallbach type con�guration is shown in the bo�om half. �e mover (right),
with three forcers, de�nes exactly six degrees of freedom, in a symmetrical orientation. �e force
direction of each forcer (dashed) acts tangential to the �xation circle (do�ed) at 120° angles.

�e frequently used Hallbach con�guration [20] is still possible using a hexagonal pat-
tern as shown. Generating a position independent force in one forcer likely results in
torques (pitch e�ect [19]), which are counteracted by vertical forces in the two other forcers.
A frame is required between the forcers to transmit these torques, which result in deforma-
tions. As described in [84], a separate, position de�ning frame can be used for the payload.
Fixation at the three white points in the right of Figure A.10 ensures that the intrinsic
torques do not deform the payload frame. For a two-stage system, the second stage actu-
ation is best performed at the white points as well, resulting in minimal disturbance from
deformations.

However, there is a challenge. As indicated in the magnet plate on the le� of Figure A.10,
the south-pole (minimum) is not located centrally between two north-poles (maxima). With
a full period of 2p (equivalent to the square array), it is at 4p/3, i.e. at 2/3. Di�erent com-
mutation and/or mover coil geometry are to be designed, providing a long stroke actuation.

A magnet array with three-fold symmetry using circular magnets (e.g. superconducting
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coils) is shown in Figure A.11. A hexagonal circle packing is seen without a magnet at the
center of each hexagon, this space can be used to support the thin insulation (Section 3.3.2).

Figure A.11: A magnet plate with three-fold symmetry based on circular magnets (e.g. superconducting coils).
�e available central space can be used for thermal insulation support struts as described in
Section 3.3.2.





Appendix B

Cryostat assembly

Assembly of the cryostat from Section 3.4 is described here. Five sections describe the assembly
steps for cold-frame, shield and vacuum vessel. Each section consists of a single page table with
illustrations and descriptions.

�e assembly is divided in �ve parts listed below. Each part is described with three
illustrations and each illustration has actions corresponding to that assembly step. Part
sizes for struts, bolts and bushings are stated to prevent confusion between similar parts.
Additionally, for the force critical bolted connections, torque requirements are provided.

• Cold-frame assembly

• Shield assembly

• Insert cold-frame into shield

• Prepare vacuum vessel

• Insert cold-frame and shield into vessel
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B.1 Cold-frame assembly

Illustration Actions
insert struts 8x
(�7.3 mm x 120 mm),
�xate with 8x M4x16

Add cold-frame top plate
�xate centrally with 4x
M4x15

add V-frames
add 8x invar bushing
(�13 mm x 10 mm)

�xate with:
6x M8x41 (V-frames)
2x M8x25 (no frame)
tighten to 20 Nm

(Stainless A4-70)
Add magnet plate
�xate with 8x M4x…
(on top of struts)



B.2. Shield assembly 153

B.2 Shield assembly

Illustration Actions
add tubes 12x to base
�xate with 12x spring +
12x circlip

add invar bushings 4x
(�13 mm x 12.3 mm)

Add large shield cylinder
�xate with 8x M4x25.2

Add small folded shield
plate together with largest
V-frame
�xate plate with 6x M3x10
countersunk

�xate V-frame together
with cold-frame
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B.3 Insert cold-frame into shield

Illustration Actions
insert cold frame into
shield and make sure that
V-frames are seated around
invar bushings
Fixate cold mass A-frames
with 2x M8x42 and 1x
M8x44.4

Use low torque such
that the free ends can be
repositioned
Add large folded plate
�xate with 8x M3x4 and 8x
M3x10 countersunk

Add remaining A-frames
�xate with 2x M8x42.8

Use low torque such
that the free ends can be
repositioned

Add spacers (6x) on
top of A-frames to de�ne
the distance between
shield and top plate
resulting assembly cross-
section
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B.4 Prepare vacuum vessel

Illustration Actions
Add struts 12x (�8 mm x
198 mm) to thin top �ange
�xate with drop of Loctite

Add o-ring to bo�om
�ange

if no cooler is installed,
close the large central hole
with the corresponding
blind �ange and 6x clamp

Stack vessel tube onto bot-
tom �ange
�xate with 6x C-clamp
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B.5 Insert cold-frame and shield into vessel

Illustration Actions
Place top plate with struts
onto A-frames
�xate with 6x M8x. . .

tighten all V-frame
bolts (11x) to 20Nm
(5x in bo�om of shield and
6x in top plate)

Add bo�om frames to
vertical struts
�xate with 12x M4x50

add temporary hoist
frame to top �ange

Lower assembly into vessel
�xate with 6x C-clamp
Remove temporary hoist
frame



Appendix C

Derivation of material parameters

�e orthotropic properties for the general layered material shown in Figure C.1 are derived
based on �rst principles. �e individual layers are combined according to the principle illus-
trated in Figure 4.4 and requires three main steps: transformation, summation and reverse
transformation.

θ
z

r 20
2
1
50
2
20

µm
µm
µm
µm
µm
µm

copper
silver
ReBCO
Hastelloy C-276
silver
copper

l

x µm co-winding
ttot

ttot

r

θ

winding
mandrel

w

z

Figure C.1: General stack of layers with coordinate orientation.

�e constitutive relation for a single layer is given by (C.1) and (C.2) with the columns
of stress and strain given by Relations (C.3) to (C.5). �e isotropic compliance matrix Si is
given by Relation (C.6) and the sti�ness matrix equals its inverse (Ci = S−1i ). More general
material properties per layer, such as orthotropic, can be inserted here as well.

εi = Siσi + αi (C.1)

σi = Ci

(
εi − αi

)
(C.2)

σi =
[
σrr,i σθθ,i σzz,i τrθ,i τθz,i τzr,i

]T (C.3)

εi =
[
εrr,i εθθ,i εzz,i γrθ,i γθz,i γzr,i

]T (C.4)

αi =
[
iαr,i iαθ,i iαz,i 0 0 0

]T with iαn,i =

∫ 293K

Tlow

αn,idT (C.5)
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Si =
1

Ei



1 −νi −νi 0 0 0

−νi 1 −νi 0 0 0

−νi −νi 1 0 0 0

0 0 0 1 + νi 0 0

0 0 0 0 1 + νi 0

0 0 0 0 0 1 + νi


(C.6)

Two transformations are performed such that the compliance and sti�ness values that
can be summed, are grouped together. Firstly, a transformation matrix (C.7) is used to
reorder rows and columns resulting in Relation (C.8) with its components given by (C.9) to
(C.12). �e directions in which the layers are loaded in parallel (in-plane directions: θθ, zz,
θz) are now located in the �rst three rows.

T =



0 1 0 0 0 0

0 0 1 0 0 0

0 0 0 0 1 0

1 0 0 0 0 0

0 0 0 1 0 0

0 0 0 0 0 1


(C.7)

ε′i = S′iσ
′
i + α′i (C.8)

σ′i = Tσi =
[
σθθ,i σzz,i τθz,i σrr,i τrθ,i τzr,i

]T (C.9)

ε′i = Tεi =
[
εθθ,i εzz,i γθz,i εrr,i γrθ,i γzr,i

]T (C.10)

α′i = Tαi =
[
iαθ,i iαz,i 0 iαr,i 0 0

]T (C.11)

S′i = TSiT
−1 =

1

Ei



1 −νi 0 −νi 0 0

−νi 1 0 −νi 0 0

0 0 1 + νi 0 0 0

−νi −νi 0 1 0 0

0 0 0 0 1 + νi 0

0 0 0 0 0 1 + νi


(C.12)

Secondly, the partial pivot transform, given by Relation (C.13), is used on (C.14) resulting
in Relation (C.15) such that the stresses and strains that may be summed, are on the le� hand
side. Sti�ness and compliance values are stored in Bi, ζi and ξi hold thermal strains and vi
and bi hold stress and strain components as given by Relations (C.16) to (C.19).

[
y1
y2

]
=

[
A11 A12

A21 A22

] [
x1
x2

]
→
[
x1
y2

]
=

[
A−111 −A−111 A12

A21A
−1
11 A22 − A21A

−1
11 A12

] [
y1
x2

]
(C.13)
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ε′i − α′i = S′i

(
σ′i − 0

)
(C.14)

vi − ζi = Bi

(
bi − ξi

)
(C.15)

vi =
[
σθθ,i σzz,i τθz,i εrr,i γrθ,i γzr,i

]T (C.16)

ζi =
[
0 0 0 iαr,i 0 0

]T (C.17)

bi =
[
εθθ εzz γθz σrr τrθ τθz τzr

]T (C.18)

ξi =
[
iαθ,i iαz,i 0 0 0 0

]T (C.19)

�e elements of bi are equal for all layers and thus equal to b for the stack as a whole.
Furthermore, the individual layers properties are summed a�er scaling with thickness re-
sulting in Relation (C.20) with its components given by Relation (C.23) to (C.25). �e thick-
ness scaling and summation, illustrated in Figure 4.4, is clearly seen in Relation (C.22).

v − ζ = B
(
b− ξ

)
(C.20)

b = bi (C.21)

B =
N∑
i=1

ti
ttot

Bi (C.22)

v =
N∑
i=1

ti
ttot

vi (C.23)

ζ =
N∑
i=1

ti
ttot

ζi (C.24)

ξ = B−1
N∑
i=1

ti
ttot

Biξi (C.25)

Applying the partial pivot transform on Relation (C.20) results in (C.26) which provides
the stresses, strains and compliance matrix of the combined layers as given by (C.27) to
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(C.30). �ese material properties are reordered using the transformation matrix T resulting
in Relations (C.31) to (C.34), which provide the combined material properties.

ε′ − α′ = S′ (σ′ − 0) (C.26)

ε′ =
[
b(1) b(2) b(3) v(4) v(5) v(6)

]T (C.27)

σ′ =
[
v(1) v(2) v(3) b(4) b(5) b(6)

]T (C.28)

α′ =
[
ξ(1) ξ(2) ξ(3) ζ(4) ζ(5) ζ(6)

]T (C.29)

S′ =

[
B−111 −B−111 B12

B21B
−1
11 B22 −B21B

−1
11 B12

]
(C.30)

σ = T−1σ′ =
[
σrr σθθ σzz τrθ τθz τzr

]T (C.31)

εi = T−1ε′ =
[
εrr εθθ εzz γrθ γθz γzr

]T (C.32)

α = T−1α′ =
[
iαr iαθ iαz 0 0 0

]T (C.33)

S = T−1S′T =



E−1r −νθrE−1θ −νzrE−1z 0 0 0

−νrθE−1r E−1θ −νzθE−1z 0 0 0

−νrzE−1r −νθzE−1θ E−1z 0 0 0

0 0 0 G−1rθ 0 0

0 0 0 0 G−1θz 0

0 0 0 0 0 G−1zr


(C.34)
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Analytical stress derivation

�is Appendix describes the derivation of axi-symmetric stresses within a superconducting
solenoid based on [2]. �e general 3D di�erential equation is given together with the assump-
tions used in this work. �e di�erential equation is solved for orthotropic material properties
taking body forces and thermal strains into account. Sections D.5 and D.6 provide the boundary
conditions and according solutions.

D.1 General three dimensional di�erential equation

�e three dimensional equilibrium equation is given by Relation (D.1) [89] with the gradi-
ent operator ~∇, stress tensor σ, force per unit volume ~f , mass density ρ and the second
derivative with respect to time of the displacement vector ~̈u.

~∇ · σ + ~f = ρ~̈u (D.1)

Figure D.1 shows the stress cube in cylindrical coordinates, which results in the three
coupled equilibrium relations given by Relation (D.2). In describing a single coil, simpli�-
cations are used to allow for an analytical description of the solution, which is bene�cial
for fast iteration of di�erent design steps and understanding of results. �e assumptions
made are given by Relation (D.3) and are explained below.

∂σrr
∂r

+
1

r

∂σrθ
∂θ

+
1

r
(σrr − σθθ) +

∂σrz
∂z

+ fr = ρür

∂σθr
∂r

+
1

r

∂σθθ
∂θ

+
1

r
(σθr − σrθ) +

∂σθz
∂z

+ fθ = ρüθ

∂σzr
∂r

+
1

r

∂σzθ
∂θ

+
1

r
σzr +

∂σzz
∂z

+ fz = ρüz

(D.2)
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Figure D.1: Stress cube in cylindrical coordinates based on [89].

∂

∂θ
= 0 axi-symmetric

uθ = 0 no displacement in tangential direction
ρ~̈u = 0 no inertial forces

(D.3)

Firstly, the coil is wound from tape which results in a close packed spiral which is not
axi-symmetric. However, the winding thickness (and thus the spiral pitch) is in the order
of 0.15 mm while the di�erence between inner and outer radii is in the order of 25 mm. In
analyzing a single coil, the loads are axi-symmetric as well, which justi�es the assumption.
Fields from other coils (neighboring or mover coils) are signi�cantly smaller in magnitude
and thus introduce lower stresses. Secondly, a �xation in tangential direction is assumed,
which prevents rotation around the z-axis. �is implies, together with the �rst assumption,
zero shear strain in the r-θ plane. Furthermore, when considering isotropic or orthotropic
materials, the shear stress-strain relations are independent [89, p. 69], which implies, to-
gether with the stress-tensor symmetry, that all shear stresses in tangential direction σrθ,
σθr, σθz and σzθ equal zero as well. �irdly, accelerations and inertial forces are assumed
negligible. �is results in Relation (D.4) describing stresses in the r-z plane.

∂σrr
∂r

+
1

r
(σrr − σθθ) +

∂σrz
∂z

+ fr = 0

∂σzr
∂r

+
1

r
σzr +

∂σzz
∂z

+ fz = 0

(D.4)

Lastly, the shear stress σzr is assumed to be zero resulting in Relation (D.5), which is
solved analytically below. Stresses induced by winding, cool-down and internal or external
pressures are not expected to introduce shear stresses. However, Lorentz forces within the
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coil are a function of both the r and z-coordinate and introduce shear forces. �e error
introduced is analyzed in Section 4.3 using a two-dimensional �nite element computation.

∂σrr
∂r

+
1

r
(σrr − σθθ) + fr = 0

∂σzz
∂z

+ fz = 0

(D.5)

�e axial stress is found by integrating the axial body force σzz(r, z) = −
∫
fz(r, z)dz.

�e di�erential equation for the r-direction depends on radial and tangential stresses, which
are not independent. �e assumptions above are intended to simplify solving the di�eren-
tial equation, which is now a function of the radial displacement only. Below, stresses are
rewri�en to strains and ultimately to the radial displacement.

D.2 Stress strain relations

Stress and strain are coupled via the material properties including thermal strain (
∫
αiidT =

α̃ii) given by Relation (D.6) with its components given by (D.7) and (D.8) for orthotropic
materials. �e derivation of these properties for a layered material is given in Appendix C.
Note that, the subscript convention from [89] is used here, which is reversed compared to
the work of [2].

ε = Sσ + α ←→ σ = C (ε− α) (D.6)

σ =
[
σrr σθθ σzz σrθ σθz σzr

]T
ε =

[
εrr εθθ εzz εrθ εθz εzr

]T
α =

[
α̃rr α̃θθ α̃zz α̃rθ α̃θz α̃zr

]T
(D.7)

S = C−1 =



E−1r −νθrE−1θ −νzrE−1z 0 0 0

−νrθE−1r E−1θ −νzθE−1z 0 0 0

−νrzE−1r −νθzE−1θ E−1z 0 0 0

0 0 0 G−1rθ 0 0

0 0 0 0 G−1θz 0

0 0 0 0 0 G−1zr


(D.8)

As stated before, shear stresses are not taken into account, which leaves the upper le�
corner of the compliance matrix resulting in Relation (D.9). �ere are only six independent
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elements in the 3× 3 matrix due to symmetry.

εrrεθθ
εzz

 =

 E−1r −νθrE−1θ −νzrE−1z
−νrθE−1r E−1θ −νzθE−1z
−νrzE−1r −νθzE−1θ E−1z

σrrσθθ
σzz

+

α̃rrα̃θθ
α̃zz

 (D.9)

�e axial stress σzz or strain εzz is assumed to be known up-front and can be inserted
as an additional load. �e axial stress can be derived from the axial body force based on the
second relation of (D.5). �is allows for rewriting the 3 × 3 to a 2 × 2 compliance matrix
incorporating axial loads as given by (D.10) (equivalent to [2] but including thermal strain).
For a given axial strain or stress, the material coe�cients are given by Relation (D.11) and
(D.12), respectively.

[
εrr − α̃rr + Zr
εθθ − α̃θθ + Zθ

]
=

[
ap qp
qp bp

] [
σrr
σθθ

]
= bp

[
ζ2 ξ

ξ 1

] [
σrr
σθθ

]
(D.10)

ap = S11 −
S13S31

S33

=
1− νzrνrz

Er

qp = S12 −
S23S31

S33

= −νθr + νzrνθz
Eθ

known εzz

bp = S22 −
S23S32

S33

=
1− νzθνθz

Eθ

σzz =
1

S33

(εzz − α̃zz − S31σrr − S32σθθ)

(D.11)

ap = S11 =
1

Er

qp = S12 = −νθr
Eθ

known σzz

bp = S22 =
1

Eθ

εzz = S31σrr + S32σθθ + S33σzz + α̃zz

(D.12)

In solving the di�erential equation, it is convenient to de�ne two dimensionless param-
eters given by Relation (D.13). Furthermore, for a prede�ned strain or stress, the axial loads
are given by Relation (D.14) and (D.15), respectively. Both can be a polynomial function of
the radial coordinate, however, this would induce shear forces, which are neglected here.

ζ2 =
ap
bp

ξ =
qp
bp

(D.13)
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Zr = −S13

S33

(εzz − α̃zz) = νzr (εzz − α̃zz)

Zθ = −S23

S33

(εzz − α̃zz) = νzθ (εzz − α̃zz)
(D.14)

Zr = −S13σzz =
νzr
Ez

σzz

Zθ = −S23σzz =
νzθ
Ez

σzz

(D.15)

�e thermal strain is described by a polynomial function of the radial coordinate as
given by Relation (D.16). A uniform temperature change is independent of r and is described
with a constant. However, a radial temperature gradient can be described as well (based
on an initial Ti and �nal Tf temperature). Furthermore, the magnetic �eld within the coil
cross-section is accurately described with a linear function of the radial coordinate [20] as
given by Relation (D.17). �e magnetic �eld density values at the inner and outer radii are
computed using the relations from [21].

α̃rr =

∫ Tf (r)

Ti

αrrdT = ar0 + ar1r + · · ·+ arnr
n =

na∑
n=0

arnr
n

α̃θθ =

∫ Tf (r)

Ti

αθθdT = aθ0 + aθ1r + · · ·+ aθnr
n =

na∑
n=0

aθnr
n

(D.16)

fr(r) = JBz(r) = J(b0 + b1r) = J

nb∑
n=0

bnr
n

b1 =
Bz(ro)−Bz(ri)

ro − ri
b0 = Bz(ri)− b1ri

(D.17)
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D.3 Strain de�nitions

�e strain de�nitions are given by Relation (D.18), which simplify considerably when pre-
viously mentioned assumptions are applied.

εrr =
∂ur
∂r

→ ∂ur
∂r

εθθ =
ur
r

+
1

r

∂uθ
∂θ

→ ur
r

εzz =
∂uz
∂z

→ ∂uz
∂z

εrθ = −uθ
2r

+
1

2r

∂ur
∂θ

+
1

2

∂uθ
∂r

→ 0

εθz =
1

2r

∂uz
∂θ

+
1

2

∂uθ
∂z

→ 0

εzr =
1

2

∂uz
∂r

+
1

2

∂ur
∂z

→ 0

(D.18)

Inserting the strain de�nitions, stress-strain relations, axial loads, thermal strain and
body force in (D.5) provides the second order Cauchy-Euler di�erential equation given by
Relation (D.19). �e right hand side terms g(r) are given by Relation (D.20). A dependence
of Zr and Zθ on the radial coordinate is omi�ed here in line with [2] because this would
introduce shear stresses, which are assumed absent up-front. Note that gZ(r) is identical
to the �rst term (na = 0) of gA(r) resulting in equal e�ects due to a uniform temperature
change or a prede�ned axial load, as expected from (D.10). Furthermore, radial dependency
of axial loads can be easily derived a�erwards from the thermal relations.

∂2ur
∂r2

+
1

r

∂ur
∂r
− ζ2

r2
ur = gF (r) + gA(r) + gZ(r) (D.19)

gF (r) = −bp(ζ2 − ξ2)J(b0 + b1r)

gA(r) =
na∑
n=0

(
(n+ 1 + ξ)arn − (ζ2 + ξ(n+ 1))aθn

)
rn−1

gZ(r) = −
(
(1 + ξ)Zr − (ζ2 + ξ)Zθ

)
r−1

(D.20)

D.4 Solving the Cauchy-Euler equation

�e general solution is of the form given by Relation (D.21) with a particular solution for
each of the right hand side functions g(r). �e �rst two terms are found by solving the
homogeneous di�erential equation. Inserting ûr = rλ into Relation (D.19) with the right
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hand side equal to zero provides the characteristic equation (D.22). Solving for λ gives two
distinct real roots λ1,2 = ±ζ resulting in the �rst two terms given by Relation (D.23).

ur = u1(r) + u2(r) + upF (r) + upA(r) + upZ(r) (D.21)

(
λ2 − ζ2

)
rλ−2 = 0 (D.22)

u1(r) = c1r
ζ

u2(r) = c2r
−ζ

(D.23)

�e variations of parameters method [11] is used to �nd the particular solutions up as
given by Relation (D.24) with W [u1, u2](r) the Wronskian as given by (D.25). Solving the
integrals results in the particular solutions given by Relation (D.26).

up = −u1(r)
∫

u2(r)g(r)

W [u1, u2](r)
dr + u2(r)

∫
u1(r)g(r)

W [u1, u2](r)
dr (D.24)

W [u1, u2](r) = det

∣∣∣∣∣∣
u1(r) u2(r)
∂u1
∂r

∂u2
∂r

∣∣∣∣∣∣ = u1(r)
∂u2
∂r
− ∂u1

∂r
u2(r) = −2c1c2ζr

−1 (D.25)

upF (r) = −bp(ζ2 − ξ2)J
(

b0
4− ζ2 r

2 +
b1

9− ζ2 r
3

)

upA(r) =
na∑
n=0

(n+ 1 + ξ)arn − (ζ2 + ξ(n+ 1))aθn
(n+ 1)2 − ζ2 rn+1

upZ(r) = −(1 + ξ)Zr − (ζ2 + ξ)Zθ
1− ζ2 r

(D.26)

For isotropic materials (ζ = 1), the denominator of upA and upZ would pose a problem.
However, the relations can be rewri�en in this case because arn = aθn = an and Zr = Zθ,
resulting in Relation (D.27) which shows no computational problems.

upA =
na∑
n=0

n(1− ξ) + 1− ζ2
n(n+ 2) + 1− ζ2anr

n+1 =
na∑
n=0

1− ξ
n+ 2

anr
n+1

upZ = −1− ξ
2

Zrr

(D.27)
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�e general solution is inserted in the strain and stress de�nitions resulting in Rela-
tions (D.28) to (D.31). For ease of notation, two moduli are de�ned (D.32) and multiple
functions with subscripts F , A and Z describing the e�ect of body forces, thermal strain
and axial loads respectively. �ese functions are de�ned by Relation (D.33) to (D.36).

εrr =
∂ur
∂r

= ζc1r
ζ−1 − ζc2r−ζ−1 + εrF (r) + εrA(r) + εrZ (D.28)

εθθ =
ur
r

= c1r
ζ−1 + c2r

−ζ−1 + εθF (r) + εθA(r) + εθZ (D.29)

σrr = E1c1r
ζ−1 − E2c2r

−ζ−1 + σrF (r) + σrA(r) + σrZ (D.30)

σθθ = E1c1r
ζ−1 + E2c2r

−ζ−1 + σθF (r) + σθA(r) + σθZ (D.31)

E1 =
1

bp

1

ζ + ξ
E2 =

1

bp

1

ζ − ξ (D.32)

εrF =
∂upF
∂r

= −bp(ζ2 − ξ2)J
(

2b0
4− ζ2 r +

3b1
9− ζ2 r

2

)

εrA =
∂upA
∂r

=
na∑
n=0

(n+ 1 + ξ)arn − (ζ2 + ξ(n+ 1))aθn
(n+ 1)2 − ζ2 (n+ 1)rn

εrZ =
∂upZ
∂r

= −(1 + ξ)Zr − (ζ2 + ξ)Zθ
1− ζ2

(D.33)

εθF =
upF
r

= −bp(ζ2 − ξ2)J
(

b0
4− ζ2 r +

b1
9− ζ2 r

2

)

εθA =
upA
r

=
na∑
n=0

(n+ 1 + ξ)arn − (ζ2 + ξ(n+ 1))aθn
(n+ 1)2 − ζ2 rn

εθZ =
upZ
r

= −(1 + ξ)Zr − (ζ2 + ξ)Zθ
1− ζ2

(D.34)
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σrF = −J
(

2− ξ
4− ζ2 b0r +

3− ξ
9− ζ2 b1r

2

)

σrA =
1

bp

na∑
n=0

arn − (n+ 1)aθn
(n+ 1)2 − ζ2 rn

σrZ = − 1

bp

Zr − Zθ
1− ζ2

(D.35)

σθF = −J
(
ζ2 − 2ξ

4− ζ2 b0r +
ζ2 − 3ξ

9− ζ2 b1r
2

)

σθA =
1

bp

na∑
n=0

arn − (n+ 1)aθn
(n+ 1)2 − ζ2 (n+ 1)rn

σθZ = − 1

bp

Zr − Zθ
1− ζ2

(D.36)

D.5 Pressurized thick-walled cylinder

�e integration constants c1 and c2 in the solution above are found by applying two bound-
ary conditions, an inner and outer radial pressure as illustrated in Figure D.2 and given by
Relation (D.37). �e negative sign indicates a compressive stress is introduced by a posi-
tive pressure. Solving for the constants gives Relation (D.38) with the equivalent inner and
outer pressures given by Relation (D.39).

po

ro

ri

pi

Figure D.2: Inner and outer pressures on a thick-walled cylinder.

σrr(ri) = −pi = E1c1r
ζ−1
i − E2c2r

−ζ−1
i + σrF (ri) + σrA(ri) + σrZ

σrr(ro) = −po = E1c1r
ζ−1
o − E2c2r

−ζ−1
o + σrF (ro) + σrA(ro) + σrZ

(D.37)
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c1 =
1

E1

rζ+1
i pi,eq − rζ+1

o po,eq

r2ζo − r2ζi

c2 =
1

E2

rζ+1
i r2ζo pi,eq − r2ζi rζ+1

o po,eq

r2ζo − r2ζi

(D.38)

pi,eq = pi + σrF (ri) + σrA(ri) + σrZ(ri) = pi + σrp(ri)

po,eq = po + σrF (ro) + σrA(ro) + σrZ(ro) = po + σrp(ro)
(D.39)

�e general solution for the displacement, strain and stress is found by inserting the
constants resulting in Relations (D.40) to (D.44). E�ective moduli are de�ned for each re-
lation, as used in [44], which relate displacements and strains to inner or outer pressures.
�e body force, thermal strain and axial load e�ects remain the same as before.

ur(r) =
ri

Ei(r)
pi,eq −

ro
Eo(r)

po,eq + upF (r) + upA(r) + upZ(r)

Ei(r) =
r2ζo − r2ζi

rζi

[
1

E1

rζ +
r2ζo
E2

r−ζ
]−1

Eo(r) =
r2ζo − r2ζi

rζo

[
1

E1

rζ +
r2ζi
E2

r−ζ

]−1 (D.40)
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ζ

Ei,εr(r)
pi,eq −
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Eo,εr(r)
po,eq + εrF (r) + εrA(r) + εrZ
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1
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E2

r−ζ
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(D.41)

εθθ(r) =
1
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po,eq + εθF (r) + εθA(r) + εθZ

Ei,εθ(r) =
r2ζo − r2ζi
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[
1
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r2ζo
E2

r−ζ
]−1

r

ri

Eo,εθ(r) =
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r
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(D.42)
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σrr(r) = ρi,r(r)pi,eq − ρo,r(r)po,eq + σrF (r) + σrA(r) + σZr

ρi,r(r) =
rζi

r2ζo − r2ζi
[
rζ − r2ζo r−ζ

] ri
r

ρo,r(r) =
rζo
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[
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r

(D.43)

σθθ(r) = ζρi,θ(r)pi,eq − ζρo,θ(r)po,eq + σθF (r) + σθA(r) + σθZ

ρi,θ(r) =
rζi

r2ζo − r2ζi
[
rζ + r2ζo r

−ζ] ri
r

ρo,θ(r) =
rζo

r2ζo − r2ζi

[
rζ + r2ζi r

−ζ
] ro
r

(D.44)

Interference �t

An interference �t between two parts (also known as a press-�t or shrink-�t) as shown in
Figure D.3, requires deformation in both inner (1) and outer (2) part such that the contacting
radii are equal as given by Relation (D.45). �is requires a contact pressure pc as given by
Relation (D.46) and solving results in Relation (D.47).

1 2

pc12

ro1
ri2

Figure D.3: Illustration an interference �t of two parts.

ro1 + ur1(ro1) = ri2 + ur2(ri2) (D.45)

po1 = pi2 = pc12 (D.46)
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pc12 =
E12

ri2

(
ri1

Ei1(ro1)
pi1 +

ro2
Eo2(ri2)

po2 + δ12 + up12 + σr12

)

E12 =

(
1

Ei2(ri2)
+

ro1/ri2
Eo1(ro1)

)−1
δ12 = ro1 − ri2

up12 = up1(ro1)− up2(ri2)

σr12 =
σrp1(ri1)ri1
Ei1(ro1)

− σrp1(ro1)ro1
Eo1(ro1)

+
σrp2(ro2)ro2
Eo2(ri2)

− σrp2(ri2)ri2
Ei2(ri2)

up(r) = upF (r) + upA(r) + upZ(r)

σrp(r) = σrF (r) + σrA(r) + σrZ(r)

(D.47)

D.6 Winding stress

�e stresses introduced during winding of a coil are described with di�erent relations in
literature [2, 44] based on identical solutions to the di�erential equation. Firstly, in [2], the
general solution (D.30) is used with two boundary conditions. �e �rst represents a mandrel
sti�ness as de�ned by Relation (D.48) and the second relates radial stress to winding tension
as given by (D.49).

B =
σr(a)

u(a)/a
(D.48)

rdσr = −σwdr (D.49)

Secondly, in [44], pressurized cylinder relations are used, relating inner and outer pres-
sures to deformation and strain via e�ective moduli. �e essential idea behind computing
the stresses due to winding is, successively ��ing thin rings onto a mandrel solving for the
contact pressure. Section 6 of [44] shows a clear solution strategy, stating an incremental
winding pressure (equivalent to (D.49)), solving for the contact stress between mandrel and
winding and integrating the relations with known pressures on inner and outer radii. �is
approach is used in this thesis for its clarity and �exibility in using di�erent mandrel types.

�e winding process is illustrated in Figure D.4 with the mandrel in gray, winding pack
in orange and x indicating the incremental radius. Furthermore, a non-zero inner pressure
for the mandrel is assumed such that the analysis can be extended to compound mandrels
taking a contact pressure at the inner radius into account.

A tangential stress equal to the winding tension requires an internal pressure according
to the thin-walled pressure-vessel solution, given by Relation (D.50). Assembling shells



D.6. Winding stress 173

m

dpo

dpc

w

x

pi

Figure D.4: Illustration of winding on a mandrel.

(thickness ∂x) on the mandrel with previous windings results in a pressure dpo on the
outer radius x depending on σw the winding tension.

dpo(x) =
σw
x
dx (D.50)

Using the interference �t solution previously presented, the incremental contact pres-
sure between winding pack (2) and mandrel (1) is found as given by Relation (D.51), as-
suming no body forces, thermal strain or axial loads during winding. Furthermore, the
equivalent modulus Eo2 is computed using ro2 = x for the outer radius, assuming that the
previously wound layers behave as a single cylinder.

dpc(x) =
E12

ri2

(
ri1

Ei1(ro1)
pi +

x

Eo2(ri2, x)
dpo(x)

)
(D.51)

�e mandrel experiences stresses from all windings combined, therefore, the stress is
found by integrating the incremental contact pressure over the full coil as given by Rela-
tion (D.52). For points within the coil, stresses are induced by windings at a larger radius
only (x > r). �erefore, the coil stresses are given by Relation (D.53), with dpc(x) acting on
the inner and dpo(x) on the outer radius. Furthermore, the changing outer radius ro2 = x

should be taken into account for the radial distributions ρ as well. �e integrals can be
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solved numerically for each r of interest.

σrr1(r) = ρi1,r(r)pi1 − ρo1,r(r)
∫ ro2

ri2

dpc(x)dx

σθθ1(r) = ζρi1,σ(r)pi1 − ζρo1,σ(r)

∫ ro2

ri2

dpc(x)dx

(D.52)

σrr2(r) =

∫ ro2

r

ρi2,r(r, x)dpo(x)dx−
∫ ro2

r

ρo2,r(r, x)dpc(x)dx

σθθ2(r) = ζ

∫ ro2

r

ρi2,σ(r, x)dpo(x)dx− ζ
∫ ro2

r

ρo2,σ(r, x)dpc(x)dx

(D.53)
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Winding preparations and coil realization

�e superconducting coil winding preparations are discussed in this Appendix. First, testing
of co-winding with an electrical isolation layer is described. �ese tests are made possible
due to the availability of a winding machine and support from Prodrive Technologies. An
adhesive isolation layer is discussed, which poses challenges for control over the layer thickness.
�erefore, co-winding with Kapton tape is tested. Secondly, winding tension is discussed, which
cannot be exerted on the superconductor reel according to the supplier. A tension isolation
mechanism has been designed and tested, which can provide a winding tension of 160 MPa

while the superconductor reel experiences zero tension. Finally, the detailed experimental coil
design is discussed.

E.1 Introduction

�e coil design discussed in Chapter 4 is mainly based on theoretical computations and
experience documented in literature. �erefore, a coil realization including instrumentation
was planned for, which is described here. Prodrive Technologies has been very generous in
making a winding machine and support available for this work. First, steel tape was used
to test winding with an electrical insulator, such as an adhesive and Kapton tape, which
is discussed in Section E.2. Next, control over winding tension is required as discussed in
Chapter 4. �e principal solution is elaborated upon in Section E.3. A solution is presented
for winding the superconducting tape, which di�ers from usual solutions because the reel
cannot be subjected to tension. Finally, the detailed design including instrumentation is
discussed in Section E.4.

E.2 Co-winding

Several co-winding options are discussed in Chapter 4, such as winding with Kapton. At
an earlier stage, interest was focused on using adhesives between windings to arrive at
an mechanically stable coil. An overview photograph of winding with ScotchWeld DP460
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is shown in Figure E.1. A winding machine (RUFF LW-90), ��ed with winding tension
control, is used. �e adhesive is applied using an air pressure controlled dispenser providing
a constant �ow of adhesive. �e process is tested with stainless steel tape with thickness
0.1 mm and width 12 mm.

Figure E.1: Overview of winding set-up including adhesive dispensing. �e result a�er winding several turns,
an adhesive puddle forms, which is gradually taken up into the coil.

On the right of Figure E.1, a close-up is shown a�er winding several turns, a puddle
of adhesive forms, which is slowly taken up during winding. �is resulted in an average
adhesive thickness of 5 um, however, there were spots without any adhesive within the coil.
Co-winding a perforated strip of non-metallic material with the desired adhesive thickness
could provide control and an insulated coil with turn-to-turn adhesion. A coil was wound
with Stycast 2850FT adhesive as well, which is an alumina �lled epoxy frequently used
in cryogenic applications for its tailored thermal contraction [31]. �e alumina particles
would function as spacers in the winding process as well, however, a constant adhesive
layer thickness was not achieved.

As discussed in Chapter 4, su�cient radial compressive stress can be generated using
the winding tension, allowing for dry wound coils. �erefore, co-winding with Kapton is
investigated. Figure E.2 shows the general set-up in side view. �e Kapton tape is co-wound
together with the stainless steel tape onto the main spindle. Winding tension is measured
using a force gauge and torque is applied to the reel sha� using a brake.

In the set-up shown here, the Kapton is added a�er the winding tension measurement.
However, tension is required in the Kapton tape to prevent dri�ing sideways, which adds
additional (unknown) tension within the coil. �erefore, the Kapton tape was added before
the tension measurement in successive tests, as shown in the next section.
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Figure E.2: Side view of winding set-up indicating Kapton and steel reels, tension measurement and main
spindle. �e steel reel is �xated on a sha� with a brake.

E.3 Winding tension

Figure E.3 shows a schematic representation of the winding set-up. Stainless steel and
Kapton reels (5 and 6) are supported on sha�s with brakes such that tension can be gener-
ated. �e Kapton reel brake is passive, based on friction, controlling the normal force via
a spring-loaded nut. �e stainless steel reel sha� is ��ed with an electromagnetic powder
brake (Ele�ex B.121) with a maximal braking torque of 12 Nm. With a reel diameter below
125 mm, this is su�cient to achieve the winding tension of 160 MPa in the stainless steel
tape. �e main spindle (1) is driven by the winding machine motor (3 kW or 5 kW). �e
total tension, i.e. the coil winding stress, is measured at the measurement roller (3).

Stainless steel reel

T1T3

main spindle

force measurement

measurement roller

feed-back
control

1

2

3 4

5

intended route

45◦

T2

6

Kapton reel

Figure E.3: Schematic overview of winding stainless steel tape with kapton insulation. �e tape route over
the tension measurement roller should be adjusted to the correct route (red-do�ed black line).
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�e measured winding tension is used in a feedback loop to control the electromagnetic
brake on the stainless steel reel. Most of the winding tension is present in the stainless steel
because it has a higher Young’s modulus (by a factor of 70) compared to Kapton (Table 4.1).

�e tension forces in the incoming and outgoing tapes (red arrows) for the measurement
roller (3) are directed in di�erent directions, which requires an accurate conversion to �nd
the actual winding tension. A�er close inspection of Figure E.2, the measurement seems to
be performed at an angle of 45°. �e tapes arriving at, and leaving from, the measurement
roller (3) make a near 90° angle when the incoming tape passes on the other side of roller
4, which is very likely the intended route for the tapes, indicated in Figure E.3 (green line).
�is confusion can be prevented by using a symmetrical design such as measuring parallel
to both the incoming and outgoing tapes, making a U-shaped route for the tape.

Additionally, the electromagnetic powder brake has a non-linear relation between brak-
ing torque and supplied current, which complicates winding tension control. �e operating
principle is based on ferromagnetic powder providing friction depending on the current.
�ese brakes are common in winding applications, however, it seems cumbersome when
electromagnetic torque motors provide a linear current-torque relationship.

E.3.1 Superconductor reel

�e superconductor ordered at SuperPower is wound on a reel, which may not be subjected
to winding tensions above 10 MPa [96]. �e use of tension isolation mechanisms, such as
nip-rollers or S-wrap con�gurations, are recommended. �e goal is to generate the de-
sired winding tension without loading the superconductor reel. �is is only achieved when
the tension force is introduced via friction (traction) on the winding outside surface. �e
recommended nip rollers or S-bend con�gurations are illustrated in Figure E.4.

T1

T3

main spindle

1

5

T2

6

nip-rollers

S-bend configuration

superconductor reel

insulator reel

Figure E.4: Two tension isolation mechanisms, nip-rollers and an S-bend con�guration, recommended by
the supplier when using a winding tension higher than 10 MPa. Red arrows indicate forces and
torques, the winding direction is indicated with black arrows.

�e nip-rollers provide a maximal tensional force of Ft = µFn with µ the coe�-
cient of friction and Fn the normal force. Stress generated in the line contact is given by
σn = σtAt/(µAc) with At the tape cross-sectional area and Ac the contact area. A wind-
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ing tension of σt = 160 MPa is likely to cause plastic deformation as the normal stress σn
exceeds this value (µAc < At) and is exerted on the outer copper layer of the tape. �is
load is distributed when using multiple nip-rollers, however, a braking torque is required
for each set of nip-rollers, complicating the design.

�e S-bend con�guration increases the tape tension by a factor of eµα (at maximum)
when full slip occurs, with µ the coe�cient of friction and α the total wrapped angle [87].
Based on µ = 0.2, 2.2 full rotations are required (i.e. 5 rollers wrapped over half the cir-
cumference) to achieve winding tension of 160 MPa with less than 10 MPa at the super-
conducting reel. Again, many rollers with brakes are required.

Another option is shown in [87], using an auxiliary (endless) belt to provide additional
normal force on a single roller. �is idea is illustrated in Figure E.5 and further detailed
here. �e tension force a�er the co-wound auxiliary belt F2 is given by Equation (E.1) [87].
�e winding tension can be increased without using extra rollers with controlled brakes.
Based on µ = 0.2, α = 120° and F1 = 0, a tension force of Q > 260 N is required to
achieve a winding tension of 160 MPa in a 12 mm wide, 0.1 mm thick tape. �is value for
the auxiliary belt tensile force Q can be easily achieved.

F2 = F1e
µα +Q(eµα − 1) (E.1)

T rb

F1F2

Q

α

FpFp

Figure E.5: Alternate tension isolation mechanism proposed in [87], utilizing a high normal force in combi-
nation with a large surface area.

�is concept is detailed in CAD and a cross-section is shown in Figure E.6. �e super-
conducting tape is indicated with a dashed line, which has a low and high tension region.
A timing belt on three pulleys is used as the auxiliary belt, with one pulley adjustable to
control tension. �e purple cylinder is �xated (using a collet chuck) to the sha� with elec-
tromagnetic powder brake. A three dimensional view is shown on the right of Figure E.6.

�is design has been realized and tested as shown by the photographs in Figures E.7
and E.8. �e mechanism is installed on a sha� in the lathe (diameter of 29 mm) using the
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auxiliary belt

superconducting tape

high tension

low tension

shaft with brake

superconductor reel

tension
adjustement
pulley

collet chuck

Figure E.6: Detailed design of the alternative tension isolation mechanism. A timing belt is used for the auxil-
iary belt, which is tensioned by adjusting the spacing between timing pulleys. �e superconduct-
ing tape is indicated with a dashed line.

collet chuck. A low gear is selected in the lathe to prevent it from turning and a stainless
steel tape (12 mm wide, 0.1 mm thick) is passed through the mechanism. One end of the
tape is unsupported (free) and experiences zero tension, while the other side is loaded using
weights. A maximal weight of 20 kg is supported without slipping, which corresponds to a
tension of 163 MPa.

E.4 Detailed coil design

�e superconducting coil mechanical design is discussed in Chapter 4 resulting in a coil with
Kapton co-winding for the experimental analysis. It is desired to validate the mechanical
and electromagnetic models discussed in this thesis. �erefore, the experimental coil is
equipped with strain gauges, voltage taps, hall-probes and temperature sensors. Both the
strain gauges and voltage taps are inserted during winding such that strain and voltage
between turns can be measured during cooling down and energizing of the coil. �ese
measurements can then be compared with Figure 4.9 and 4.16 to validate the computations.
Hall-probes measure the magnetic �ux and can be linked to the predictions from Chapter 2.
�e temperature sensors and voltage taps are of interest when the coil quenches during
the experiments. �ese sensors allow for localization of the quench and tracking of the
temperature rise.

Two strain gauge con�gurations are shown in Figure E.9. For the le� con�guration (sin-



E.4. Detailed coil design 181

Figure E.7: Photographs of the realized tension isolation mechanism in a testing situation. Both tensioned
and free ends of a stainless steel tape (12 mm wide, 0.1 mm thick) are indicated on the le�, while
a weight (10 kg) provides the tension force, as shown on the right.

Figure E.8: Additional photographs of tension isolation mechanism under load. On the right, a maximal
weight of 20 kg is supported without slipping.
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gle), a strain in y-direction increases the total �lament length signi�cantly, which is mea-
sured as a change in resistance. A strain in x-direction results in minimal length change of
the �lament and does not result in a resistance change. For the right con�guration (rose�e),
both x and y-directions are measured by independent gauges. �e superconductor is in-
dicated as well (grey), which shows how the solder pads protrude past the tape edge such
that wire connections can be made.

x

y

single direction rosette
x

y

solder pads superconductor

Figure E.9: Single direction and rose�e strain gauges for measurement in 1 or two directions indicated in red.

�e radial displacement within the coil ur is directly related to the tangential strain εθ
according to ur = εθr (Appendix D). �erefore, a measurement of the tangential strain pro-
vides su�cient knowledge to validate the analytical computations from Chapter 4, which
are all derived from the radial displacement. However, a strain gauge rose�e is common
and allows for measurement of the axial strain εz within the coil as well. Providing addi-
tional means of validation for the axial load included in the analytical and �nite element
computations. �erefore, strain gauge rose�es have been ordered at Micro-Measurements,
with model numbers WK-09-125TM-350 and WK-13-250TM-350/W for coils wound with
4 mm and 12 mm wide superconductor, respectively.

�e detailed design for the experimental coil is shown in Figure E.10. On the le�, a
3-dimensional view is shown with annotations for the inner (dark blue) and outer (light
blue) coil leads, strain gauges (yellow), voltage taps (purple) and hall probes (magenta).
�e second illustration from the le� is a cross-section centrally between the current leads
showing a small length of unsupported superconductor in a detail view. �is free length
allows a di�erence in thermal contraction between the steel mandrel �xation (gray) and
the superconducting coil (light blue). �e remaining length of the leads is fully �xated to
copper supports by soldering, preventing mechanical failure due to large Lorentz forces.

�e third illustration shows a side view, clearly showing the inner and outer leads.
At the coil center, three short pieces of superconductor are placed in axial direction, all
around the mandrel. �e inner lead is soldered on-top of these axial tapes to make an
electrical connection with a joint surface area of 36 mm×12 mm. �is results in an electrical
resistance below 20 nΩ [97] and less than 20 mW of heat generation.

All green components represent electrical insulating material (e.g. glass-�ber-composite,
G10), such that the inner and outer leads are not electrically short-circuited. Both the strain
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gauges and voltage taps are inserted in the coil on a staggered pa�ern (openings in green
plate). �is prevents stress built-up due to the thickness added locally within the winding-
pack.

A
SECTION A-A
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(5x)

voltage taps
(5x)
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unsupported
superconductor

outer
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inner
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inner
lead

outer
lead
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superconducting
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mandrel
fixation

electrical
insulators

A

Figure E.10: Illustrations of the detailed experimental coil design. Strain gauges, voltage taps and hall-probes
are shown as well. A small length of superconducting lead is unsupported to allow for ther-
mal contraction di�erences. �e remaining length of the leads is soldered to copper supports,
preventing mechanical failure due to Lorentz forces.
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