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Abstract

In the frame of a collaboration between CERN, ASI, University of Trento, and TIFPA, the HTS
demonstrator magnet for space project has started to deﬁne methods and procedures for
manufacturing high temperature superconducting magnets for space applications. To this purpose,
we developed a conceptual design of a superconducting magnetic spectrometer for a physics
experiment in space. The conﬁguration is a toroid with twelve superconducting coils based on
ReBCO tape. By using ReBCO tape with an engineering critical current density, Je, exceeding
1000 A mm−2 at 4.2 K and 20 T, as reached in the H2020-ARIES program, the magnet system
provides an average bending strength of 3 T m . This is sufﬁcient to measure charged particles with
rigidities up to 100 TV, more than two orders of magnitude higher than the present state-of-the-art
space spectrometer. The magnet system requires about 62 km of 12 mm ReBCO tape and
produces a peak magnetic ﬁeld of 11.9 T at an operating temperature of 20 K . A small scale single
coil, which is about one third in size of a coil from the toroidal magnet system, will be
manufactured and tested as demonstrator of the magnet technology. The mechanical structure and
performance of the toroidal magnet system and demonstrator coil are described.
Keywords: space superconducting magnets, HTS superconducting magnets, HTS for space
experiments, HTS magnetic spectrometer, HTS toroid, HTS magnet for astroparticle experiment
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

magnets can have resolving powers of a factor ten or more
above the present state-of-the-art experiment, the Alpha
Magnetic Spectrometer (AMS-02) [7], that is running on the
International Space Station. A niobium–titanium superconducting magnet cooled by liquid helium was built for
AMS-02 [8, 9], but since the limited amount of helium would
have resulted in a limited run time of the experiment, it was
replaced by a permanent magnet before launch [10].
Since the launch of AMS-02 in 2011, the development
in industrial manufacturing methods of high temperature

Applied superconductivity has great potential for contributing
to space missions [1–3], specially particle physics experiments
[4–6]. Magnetic spectrometers based on superconducting
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superconductor (HTS) wire has made possible building large
high ﬁeld HTS magnets that can operate at higher temperatures to avoid problems related to cooling with liquid helium.
The possibility to extend the sensitivity to particles with
rigidities up to a hundred teravolts is driving the design of a
future possible particle experiment in space. The European
Organization for Nuclear Research (CERN), the Italian Space
Agency (ASI), the Department of Physics at the University of
Trento, and Trento Institute for Fundamental Physics and
Applications are collaborating to develop the concept and
technologies for an HTS magnet to be used in a spectrometer
for a future space experiment. As working hypothesis, we
adopt a 12-coil toroidal magnet system with an outer diameter
of 2.0 m and a height of 1.75 m .
The main goal of the HTS demonstrator magnet for space
(HDMS) project is to design, manufacture, and test a highﬁeld HTS demonstrator coil based on ReBCO tape suitable
for space applications. The coil produced in the HDMS project is interchangeably called the demonstrator coil and the
HDMS coil. The coil is about one third in size of a coil from
the toroidal magnet system and reaches a peak magnetic ﬁeld
of at least 6.4 T . While the toroidal magnet has an operating
temperature of 20 K, the HDMS coil will be tested at 4.2 K to
achieve similar performance as a coil from the toroidal
magnet system, but it will also be tested at higher temperatures in helium gas.
This paper describes the basic design choices of the
toroidal magnet system based on physics requirements and
constraints related to space launch, the design of the HDMS
coil, as well as the magnetic and structural features of the
toroidal magnet and the HDMS coil.

the sagitta, s, of the trajectory arc, ρ≈L2/8s. Consequently,
the rigidity of the particle is
R » sgn (q) c

BL
.
8s L

(1 )

If B and L are known and s is measured, R can be inferred
from (1). For sufﬁciently large rigidity values, it is also
possible to infer R from the angle, θ, between the directions of
the momentum vectors before, pi , and after, pf , the magnetic
ﬁeld volume
R » sgn (q) c

BL
,
q

(2 )

where cos q = pi · pf (pipf ). If BL is known and θ is
measured, R can be inferred from (2). Equations (1) and (2)
show that the particle rigidity can be determined from the
ratio of the bending strength, BL, to the actual bending of the
trajectory, quantiﬁed as 8s/L or θ.
The trajectory of the particle is measured by positionsensitive detectors. Current state-of-the-art silicon detectors
employed in space experiments have single hit resolution of
about 20 m m and provide track measurements over distances
of 1–2 m [11–13]. The corresponding track deﬂection,
8s/L≈θ≈10−4, provides the maximum detectable rigidity
once the bending strength BL is set. For instance, AMS-02
[14] with a bending strength of BL = 0.13 T m has according
to this estimate Rmax » 1 TV. The maximum detectable
rigidity of AMS-02 is reported to be Rmax » 2 TV.
A magnetic spectrometer with a maximum detectable
rigidity on the order of Rmax = 100 TV would represent a
signiﬁcant extension for antimatter studies [15]. The required
Rmax could be attained by employing new technologies for
particle tracking with single hit resolution down to 4 m m
[16, 17], compatible with space application requirements [18].
With a lever arm of 1 m , a bending strength of 1 T m would
be sufﬁcient, whereas a BL of 3 T m would allow the
spectrometer to be sensitive to cosmic antimatter up to
100 TV within just 30 cm .

2. Constraints for a next generation space
spectrometer
This section discusses scientiﬁc and technological aspects
having impact on the magnet design. Constraints and
requirements for the magnet design derive from astrophysical
and space engineering considerations.

2.2. Acceptance
2.1. Physics requirements

The cosmic-ray rigidity spectra follow a steep power law
kR− α, with α ranging from 2 to 4, depending on the particle
species [19]. A signiﬁcantly larger acceptance is needed to
maintain sensitivity at a factor 100 higher rigidity than the
current state-of-the-art AMS-02 experiment, with an acceptance about 500 cm2 sr at Rmax = 2 TV. Detection acceptances of the order of 1–10 m2 sr are needed to attain the
required sensitivity at about 100 TV. Sensitive areas of a few
square meters are impossible to obtain with single-sided
spectrometers like AMS-02, employing a dipolar magnetic
ﬁeld, because the instrumented volume would readily exceed
the fairing volume of available launchers. A toroidal geometry is preferable since the measurements may be made over
a signiﬁcantly wider angular acceptance, essentially for all
arrival directions of the incident particles passing through the
spectrometer.

A magnetic spectrometer measures the rigidity of a charged
particle, deﬁned as R=cp/q [V], where c is the speed of
light in vacuum, p is the momentum and q is the electric
charge of the particle. Rigidity is a signed observable, among
the few usable to distinguish between matter and antimatter. If
an independent estimate of the charge magnitude, ∣q∣, is
available, the momentum of the particle is obtained from the
rigidity.
For the simple reference case of a relativistic particle
moving in a uniform magnetic ﬁeld of intensity B, the following relation holds: R = cp^ q = sgn (q ) cBr , where p⊥is
the perpendicular momentum, ρ is the radius of the circular
motion in the plane transverse to the magnetic ﬁeld, and
sgn (·) is the sign function. The radius ρ can be derived from
the length of the ﬁeld region, L, traversed by the particle and
2
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2.3. Space engineering requirements

Equation (1) shows that rigidity increases with L2, while it
only increases linearly with B. Hence, a high rigidity is more
easily obtained with a large magnetic volume than with a high
magnetic ﬁeld. For this reason, particle detectors, like the
ATLAS experiment [20] and the Compact Muon Solenoid
[21] at the Large Hadron Collider at CERN, usually feature
huge volumes and medium magnetic ﬁelds of 2–4 T. However, volume and weight are highly constrained for space
launch, making a high magnetic ﬁeld a key ingredient to high
resolution regimes.
To be launched to orbit, the experiment must be compatible with the fairing volume and payload mass limit of the
launcher [22, 23]. The choice of the launcher is determined by
the orbit required for the experiment. We aim to keep the
outer diameter of the entire experiment below 3 m and the
total mass below 6000 kg.
The magnet system is required to have a vanishing total
magnetic moment to avoid coupling with external magnetic
ﬁelds such as the Earth’s magnetic ﬁeld or the interplanetary
magnetic ﬁeld, depending on the experiment location. This
would cause rotation or drifting of the hosting satellite. A
toroidal magnet conﬁguration has the advantage to naturally
fulﬁll this requirement. Small coil displacement errors cause a
nonzero total magnetic moment, that can be canceled out with
magnetorquers [24].
The cooling of the magnet should be cryogen-free [25] to
avoid that a limited amount of cryogen restricts the lifetime of
the experiment. The magnet should operate within the
temperature range from 10 to 20 K to maximize the refrigeration efﬁciency to cope with the limited electric power
available in space. This also has the beneﬁt of making the
operation of the magnet less sensitive to small temperature
variations. At these temperatures it should be possible to run
the experiment as long as the power source is available and
the functioning of the cryocoolers can be assured.
Designing and building payloads with the highest reliability is strictly required in the ﬁeld of space engineering [26].
A superconducting magnet requires special attention, considering the large amount of energy stored in the magnetic
ﬁeld and the need to reliably operate at cryogenic temperatures. The design must ensure that the superconducting
magnet can withstand the challenges of launch, deployment
and operation in space. A failure of a superconducting magnet
subsystem during operation should minimally affect the
overall payload.
The demonstrator coil is a ﬁrst step toward space qualiﬁcation. The demonstrator coil must avoid reliance on technologies known to be problematic for successfully passing the
tests required for space qualiﬁcation, even if these tests are
not foreseen to be carried out on the demonstrator.

Figure 1. The geometric description of the HTS magnetic

spectrometer in the Geant4 simulation. The magnet coils and support
cylinder are shown in gray. The locations of the outer, middle and
inner silicon tracker layers (green) and scintillator trigger layers (red)
are sketched.

Figure 2. The trajectory of an electron with a rigidity of 10 GV . The
electron passes all the way through the toroidal magnet and is
deﬂected in opposite directions in the two opposing ﬁeld regions of
the magnet. The electron trajectory is partly hidden by the
overlapping photons trajectories.

simulation program [27] to evaluate the performance of the
detector. The geometry of the HTS magnetic spectrometer in
the simulation is shown in ﬁgure 1. The average bending
strength of the twelve coil conﬁguration is BL = 3 T m . The
inner and outer diameters of the toroid are 50 cm and 200 cm ,
respectively. Silicon-based detector layers (green) provide
track measurements throughout the toroidal ﬁeld volume, at
the entry and exit of the toroid, and in the ﬁeld-free volume in
the center of the toroid. Trigger detectors (red) delimit the
three regions providing the time-ordered coincidences used to
identify the presence, and deﬁne the direction of the passing
particles. The ﬁeld-free volume inside the toroid may be used
to host a calorimeter if required for particle identiﬁcation.
Figures 2 and 3 show the trajectories of an electron and a
proton, respectively, both with a rigidity of R = 10 GV. The
mechanical structure is shown, while the detector layers are
hidden. In the ﬁgures, the electron and proton enter the
magnetic ﬁeld from the top. The particles only deﬂect in the
direction of the toroidal axis, and the rigidity can be determined from this deﬂection. The magnetic force, F = qv ´ B,

2.4. Reference layout

The baseline design for a magnetic spectrometer for space
which responds to the aforementioned requirements and
constraints was implemented in the Geant4 Monte Carlo
3
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Figure 3. The trajectory of a proton with a rigidity of 10 GV in the
toroidal magnetic ﬁeld. The proton deﬂect along the direction of the
toroidal axis and collides with the mechanical structure after passing
through the ﬁeld-free region.

Figure 4. The engineering critical current density, Je, as a function of
the magnetic ﬁeld strength at different temperatures if
Je=1200 A mm−2 at 4.2 K in a 20 T magnetic ﬁeld. This Je is
assumed for the HTS tape used for the coils of the toroid.

deﬂects the electron and proton in opposite directions due to
their opposite charges.
Figure 2 illustrates the deﬂection of the electron in the
magnetic ﬁeld. The electron passes all the way through the
magnet and deﬂects in opposite directions in the two opposing magnetic ﬁeld regions. The electron is accompanied by
collinear synchrotron radiation photons (green) which continue along the original direction of the electron.
Figure 3 illustrates the deﬂection of the proton in the
magnetic ﬁeld. The proton traverses the magnetic ﬁeld and
the central ﬁeld-free region, but is stopped by an inelastic
nuclear interaction in the aluminum inner intercoil structure.
The other visible trajectories represent secondary neutrons
(black), photons (green), and pions or kaons (cyan).

by the ﬁtting function with parameters derived from a characterization of one speciﬁc type of HTS tape and scaled to
obtain Je,0 =1200 A mm−2. The critical current density also
depends on the angle between the magnetic ﬁeld and the tape
surface, but this dependence is neglected and the conductor
requirements are for worst case conditions when the magnetic
ﬁeld is parallel to the c-axis of the HTS layer. We assume a
tape thickness of 100 m m , which includes 2 ´ 20 m m of
copper surround stabilizer.
If the cable were insulated and we were to require the
peak temperature to stay below 200 K , while the magnet
discharges over a dump resistor after the detection of a
quench, the voltage drop over the dump resistor would be tens
of kilovolts. This is due to the small quantity of stabilizing
copper in presence of a very high engineering operating
current density. Hence, instead we plan to build the coils with
metal-insulated cable [30–32] to allow current sharing
between winding turns. Detection of a quench activates a
breaker that opens the coil circuit of each individual coil pack
to let the coils slowly discharge internally through the turn-toturn resistance. The generated heat becomes evenly distributed over the entire coil system. We expect that a system
based on this self-protection concept provides sufﬁcient
quench protection for the magnet.
Figure 5 shows a sketch of the winding scheme. The
cable consists of two stacked HTS tapes with the internal
ReBCO layers in face-to-face conﬁguration and a coated steel
tape to provide partial insulation between turns. The alloy
composition and coating type of the metal insulation tape
determines the resistance between turns. The turn-to-turn
resistance should be sufﬁciently high that the current stays in
the cable during normal operation, and sufﬁciently low that
the voltage drop over each coil stays below 1 kV during a
quench. Each tape is solder coated with a low melting
temperature solder alloy. After winding the coil, the entire
coil is heated above the solder melting point and cooled again.

3. Conceptual design of the toroidal magnet system
This section describes the design of a toroidal magnet system
for a magnetic spectrometer for a space experiment. The
magnet design fulﬁlls all the physics requirements and constraints related to space launch outlined in section 2.
3.1. Conductor requirements and winding method

The coils are designed to be built with 12 mm wide HTS
ReBCO tape. ReBCO tape has been tested in short lengths to
have an engineering critical current density exceeding
Je=1000 A mm−2 at 4.2 K in a 20 T magnetic ﬁeld [28].
Within the next few years, we anticipate HTS tape with a
performance of Je,0 = Je (4.2 K, 20 T)=1200 A mm−2 to be
available in long lengths from HTS wire manufacturers, and
we assume that such tape can be used for building the coils of
the toroidal magnet system.
To convert the value of the engineering critical current
density given at 4.2 K and 20 T into corresponding values at
other temperatures and magnetic ﬁeld strengths, we used a
ﬁtting function [29]. Figure 4 shows the magnetic ﬁeld and
temperature dependence of the critical current density given
4
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Figure 5. Sketch of a cross section of the winding scheme showing
the top part of two winding turns. The cable consists of two stacked
HTS tapes in face-to-face conﬁguration and one metal tape. Solder
ﬁlls the small gaps between tapes in the cable and between winding
turns.
Figure 6. Magnetic ﬁeld strength on the conductor surfaces of the

Table 1. Provisional parameters for the conductor cable consisting of

toroidal magnet system.

two HTS tapes and one metal insulation tape.
Symbol
Je,0
scd
sin
ncd
swd
wwd
ρwd

Description
Je (4.2 K, 20 T)
HTS tape thickness
Metal insulation thickness
HTS tapes per cable
Cable thickness
Tape and cable width
Cable mass density

Value
1200
100
100
2
300
12
8270

Unit

considering particles moving in straight lines through the
origin in the cross sectional central plane of the toroid. We
decompose the magnetic ﬁeld into its polar components Br
and Bj, whereof only Bj contributes to the bending. For each
ﬁxed angle j ä [0, π/N], where N=12 is the number of
coils, we average Bj over a range of length L=rtor ending at
the origin

−2

A mm
mm
mm
—
mm
mm
kg m −3

Bj (j) =

This procedure avoids depositing a thick layer of solder on
the top and bottom of the winding layer. The solder ensures
good electrical connections with controlled resistance
between turns. Table 1 speciﬁes the main parameters for the
HTS tape and cable.
A metal insulated coil has a larger charging loss than a
normally insulated coil. To keep the heat generation during
charging below the cooling capacity of the cryocoolers, the
coils can be charged slowly over a long period of time. The
concept of metal-insulation between turns has to be comprehensively investigated to conﬁrm that it is a suitable choice
for the coils of the toroidal magnet system. A winding
machine capable of simultaneously winding multiple tapes
onto a single coil with controlled winding tension is under
assembly in our laboratory. We will ﬁrst test metal-insulation
and the winding procedure in a series of small solenoid test
coils, and then with the racetrack demonstrator coil. With the
demonstrator coil, we will also investigate possible technical
challenges related to screening current effects and quench
protection.

1
L

ò0

L

Bj (r , j) dr.

(3 )

Hence, the bending strength averaged over the toroidal angle
j is
áBj Lñ =

N
p

ò0

p N

Bj (j) Ldj.

(4 )

The design of the toroidal magnet system focuses on fulﬁlling
the requirement of an average bending strength of
áBj Lñ = 3 Tm under the given constraints.
The number of coils in the toroid is chosen as a trade-off
between conﬂicting requirements: best ﬁeld uniformity and
maximum volume free of mechanical structure. Eventually,
we selected a conﬁguration with twelve coils. In a conﬁguration with fewer coils, the peak ﬁeld would be signiﬁcantly
higher, and the stronger Lorentz forces would necessitate
much more mechanical structure around each coil. A different
requirement on the bending strength or different constraints
on the toroid could have resulted in a different choice for the
number of coils. For instance, a toroid with an outer diameter
of at least 2.4 m , the same inner diameter, and same bending
strength requirement, would need a lower average magnetic
ﬁeld, making a conﬁguration with eight coils a better choice,
a solution adopted for other large toroidal conﬁgurations, like
ATLAS.
The straight segment height of the coils is 1 m . Each coil
is racetrack shaped, since this shape very well approximates
the coil shape that minimizes bending stresses in these narrow
coils [33]. The magnet operates at a temperature of 20 K to
facilitate cryogen-free cooling.
Figure 6 shows the toroidal coil conﬁguration and the
magnetic ﬁeld strength on the conductor surfaces. Each of the

3.2. Coil design

The bending strength is the magnetic ﬁeld component
perpendicular to the particle velocity integrated along the
particle trajectory. The bending strength depends on the
particle trajectory and should in principle be computed statistically by averaging over the bending strengths of a large
number of particle trajectories. To be able to make quick
design comparisons, we estimate the bending strength by only
5
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Figure 7. Cross sectional sketch of one coil pack from the toroidal magnet system. The characterizing geometrical parameters of the

mechanical structure are shown together with the forces.

twelve coils contains two winding layers. About 62 km of
12 mm HTS tape is needed for the entire magnet system. The
engineering operating current density in the HTS tape is
Jop=855 A mm−2 at 20 K with a peak magnetic ﬁeld of
11.9 T. The main design parameters of the coils are listed in
table 2.
We build each coil layer by winding the cable around an
elongated copper band and enclosing the winding layer with a
larger elongated copper band. The copper bands serve the
purpose of transferring the current in and out of the tape with
a low contact resistance of about 10 nW. We plan to test this
concept before building the coils.
Building the coils with metal insulated soldered cable
should make the coil system self-protected. Assume all the
magnetic energy is converted into heat distributed uniformly
over the coil material. This increases the speciﬁc enthalpy of
the coil material by Δhp=Em/ mcoil=30.5 kJ kg−1.
Assuming the speciﬁc enthalpy of the coil material is the
same as for copper, the temperature of the coil material
increases from Top = 20 K to Tf » 166 K . Hence, if the
magnetic energy is distributed sufﬁciently fast over the coil
material after the occurrence of a quench, the magnet remains
undamaged.

Table 2. Provisional design parameters for the coils of the toroidal

magnet system.
Symbol

Description

Value

Unit

z0
zout
r0
rin
rout
rcir
rcor
dout
scon
wsep
scb
sins
Lwd
Lsc
mwd
mcoil
Top
Bpeak
Jop
Je
Iop
Em
Lm

Half straight conductor height
Half max. conductor height
Central radial coil location
Inner radius for conductor
Outer radius for conductor
Inner radius for coil
Outer radius for coil
Conductor outer diameter
Conductor thickness
Layer separation width
Thickness of copper bands
Insulation thickness
Conductor cable length
HTS tape length
Conductor cable mass
Coil mass
Operating temperature
Peak magnetic ﬁeld
Eng. operating current density
Critical eng. current density
Cable operating current
Stored energy
Inductance

500.0
800.0
625.0
325.0
925.0
305.0
945.0
600.0
110.0
25.0
19.5
0.5
31
62
927
1298
20
11.9
855
1042
2052
39.6
18.8

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
km
km
kg
kg
K
T
A mm −2
A mm −2
A
MJ
H

3.3. Forces and mechanical structure

Fc = Fin + Fout . The magnitudes of the forces Fin and Fout are
identical for the two layers, so the same symbol applies to
either layer.
Table 3 lists the components of the Lorentz forces on the
half part of the winding layer near the inside of the toroid,
Fin = (Fin, x , Fin, y, Fin, z ), the components of the Lorentz force
on the winding layer part near the outside of the toroid,
Fout = (Fout, x , Fout, y, Fout, z ), and the magnitude of the net force
acting of the coil pack, Fc = Fc , directed toward the toroid
center. Table 4 lists the geometrical parameters for the
mechanical structure.
Figure 8 shows the coil layers being inserted into the
mechanical structure. The current enters into one coil layer

The mechanical structure will be made from Aluminum 2050T84 alloy to minimize the mass of the magnet system. With a
yield strength of about 462 MPa at room temperature [34],
this aluminum alloy is sufﬁciently strong to withstand the
Lorentz forces produced by the coils. Thermal contraction of
the mechanical structure adds a pre-stress to the coil, which
reduces the radial coil stresses in operation mode.
Figure 7 shows a cross section of the coil and the
mechanical structure. The Lorentz force on each half winding
layer and the total Lorentz force on the coil pack are marked
with arrows. Here, Fin is the force acting on the part of the
winding layer for which r<r0, Fout is the force acting on the
part of the winding layer for which r>r0, and
6
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Table 3. The Lorentz forces acting on half a winding layer of the
toroidal magnet system.

Symbol

Description

Value

Unit

Fin, x
Fin, y
Fin, z
Fout, x
Fout, y
Fout, z
Fc

Lorentz force x-component (in)
Lorentz force y-component (in)
Lorentz force z-component (in)
Lorentz force x-component (out)
Lorentz force y-component (out)
Lorentz force z-component (out)
Net force on coil pack

−4.7
2.8
0.0
2.7
±2.9
0.0
4.0

MN
MN
MN
MN
MN
MN
MN

Table 5. Nominal performance parameters for the toroidal magnet.

the toroidal magnet system.
Description

Value

Unit

rtir
rtor
rsir
rsor
zstr
zt
dstr
spr
wcov
wmf
wstr
scyl
mcps
mcp
mics
mt
sstr
σcon

Toroid inner radius
Toroid outer radius
Structure inner radius
Structure outer radius
Half structure height
Half toroid height
Structure outer diameter
Protrusion thickness
Cover plate width
Magnet former width
Structure width
Cylinder thickness
Coil pack structure mass
Coil pack mass
Intercoil structure mass
Total toroid mass
Maximum stress in structure
Maximum stress in conductor

250
1000
275
975
850
875
700
30
10
50
70
50
2243
3541
1036
4577
383
370

mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
mm
kg
kg
kg
kg
MPa
MPa

Description

Bxy
B0
Btir
Btor
minj Bj L
maxj Bj L
áBj Lñ

Maximum B-ﬁeld in xy-plane
Maximum B-ﬁeld at r=r0
Maximum B-ﬁeld at r=rtir
Maximum B-ﬁeld at r=rtor
Minimum bending strength
Maximum bending strength
Average bending strength

Value

Unit

11.4
5.9
0.1
0.9
2.94
3.06
3.00

T
T
T
T
Tm
Tm
Tm

The actual forces will be lower, since there is in reality some
friction between the insulation and mechanical structure that
will transfer some stress to the former. The stress causes a
deformation that opens up a 0.3 mm wide gap between the
inside of the racetrack shaped coil layer and the magnet
former.
Figure 10 shows the entire mechanical structure of the
toroidal magnet system. The sum of Lorentz forces on each
coil pack is directed toward the toroid center. A 25 mm thick
aluminum alloy cylinder constitutes the inner intercoil structure. An outer intercoil structure is added to stabilize the
toroid against small perturbations and large symmetry
breakdowns of the forces acting on the coil system. The outer
intercoil structure consists of three connected cylindrical
bands wrapped around the toroid. Structural mechanical
connections between the inner and outer intercoil structure are
located at the top and bottom of each coil pack to prevent
rotational displacements.
The spectrometer magnet requires specially designed
cryocoolers to keep the magnet at its operating temperature of
20 K . We plan to cool down the entire mechanical structure
together with the coils, which gives a cold mass of about
4600 kg. The mass of the mechanical structure could potentially be reduced by topology optimization [36] of the
mechanical structure.

Table 4. Provisional main parameters for the mechanical structure of

Symbol

Symbol

and leaves from the second layer. The racetrack shapes of the
coil layers are machined into each side of a 50 mm aluminum
alloy plate which functions as a magnet former. The coil
layers are inserted into the former. The layers are electrically
connected with braided copper connectors through a hole in
the magnet former. The coil layers are enclosed by 10 mm
cover plates bolted to the magnet former, which makes the
total thickness of the coil pack structure 70 mm .
Figure 9 shows the von Mises stress on the surface of the
mechanical structure and coils computed with ANSYS®
Mechanical, Release 2019 R1. To model coil layers directly
inserted into the former, we deﬁned frictionless contacts
between the coil insulation and the mechanical structure. A
maximum stress of about 383 MPa is observed on the magnet
former in the corner that the coil layer presses against. The
maximum stress is below the yield strength of the aluminum
alloy, which is sufﬁcient for this preliminary design. The
maximum von Mises stress on the conductor is 370 MPa ,
caused by a slight bending of the winding layers toward each
other. We expect no degradation of the superconducting tape
for stresses below 500 MPa [35], so this value is acceptable.

3.4. Field characterization

Figure 11 shows the magnetic ﬁeld in the cross sectional
central plane of the toroid, where the maximum magnetic ﬁeld
is 11.4 T. Figure 12 shows the bending strength of the toroidal
magnet as a function of the toroidal angle, j, for a particle
moving in the central plane of the toroid from outside the
toroid to the center as deﬁned by (3). The bending strength
varies periodically as a function of the toroidal angle. The
bending strength is 2.94 T m for trajectories equally distant to
two neighboring coil packs, and it is 3.06 T m for trajectories
through the middle of a coil pack. By design, the average
bending strength (4) is áBj Lñ = 3 T m . For particles that pass
through the center and continue through the opposing
magnetic ﬁeld, the bending strength would be twice this
value. Table 5 lists performance parameters for the magnet
system.
7
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Figure 8. The mechanical structure of one coil pack of the toroidal magnet system. The insulation and cover plate are hidden for the upper

part. The shapes of the coil layers are machined into the magnet former. Cover plates hold the coil layers in place. The two coil layers are
electrically connected with a braided copper connector going through a hole in the magnet former. The current inlet and outlet are connected
through indentations in the cover plate.

Figure 9. The equivalent (von Mises) stress on a coil pack of the

toroidal magnet system. Only one quarter of a coil pack is shown
since the geometry is symmetric with respect to the xy-plane and xzplane. The up-facing cover plate and insulation are hidden. The
deformation is 18 times enhanced.

4. HTS demonstrator magnet for space
Building the HDMS coil should prove it feasible to build the
full toroidal magnet system. The HDMS coil will be tested on
ground and it will be the base for future development of a
ﬂight model. This section describes the design of the
HDMS coil.
Figure 10. The intercoil structure made from Aluminum 2050-T84

keeps the coils in ﬁxed locations. The inner intercoil structure is an
inner cylinder that absorbs the force from each coil pack directed
toward the toroid center. The outer intercoil structure consists of
three connected cylindrical bands and keeps the coils in their
mechanically unstable equilibriums. The upper and lower intercoil
structure are supporting connections between the inner and outer
intercoil structure to avoid rotational displacements.

4.1. Conductor specification

For building the HDMS coil, we will have about 1 km of
12 mm ReBCO HTS tape available with an engineering critical current density of at least Je=400 A mm−2 at 4.2 K and
in a 20 T magnetic ﬁeld. Figure 13 shows the engineering
critical current density dependency on the magnetic ﬁeld and
temperature. To achieve a sufﬁciently high magnetic ﬁeld
with this tape, that is much lower performing than the tape
speciﬁed for the toroidal magnet, we set the operating
temperature for the HDMS coil to 4.2 K instead of 20 K .
However, we design the demonstrator with the same dry coil
concept as the space experiment, and we will also test the
demonstrator at variable temperatures to test the thermal
design. The same cable conﬁguration and winding method

will be used for building the HDMS coil as described in
section 3.1 for the toroidal magnet coils.

4.2. Coil design

The HDMS design is a smaller version of one coil pack of the
toroidal magnet system. The straight parts of the HDMS
8
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Figure 11. The boundaries of the coils and mechanical structure of
the toroidal magnet system sketched on top of the magnetic ﬁeld
strength in the xy-plane.

Figure 13. The engineering critical current density, Je, as a function
of the magnetic ﬁeld strength at different temperatures if
Je=400 A mm−2 at 4.2 K in a 20 T magnetic ﬁeld. This Je is
assumed as a minimum requirement for the HTS tape used for the
demonstrator coil.

Figure 12. The bending strength as a function of toroidal angle in a
single detector sector of the toroid. N=12 is the number of coils.

racetrack shapes are 280 mm , i.e. almost one third of the
straight parts of a toroid coil. This makes the demonstrator
coil very signiﬁcant, also for testing the construction
procedure.
Figure 14 shows the magnetic ﬁeld on the surface of the
two winding layers of the HDMS coil. The operating current
density is Jop=700 A mm−2 at 4.2 K with a peak magnetic
ﬁeld of 6.4 T . Like the coils of the toroidal magnet, the current will be transferred in and out of the HTS cable through
elongated copper bands located on the inside and on the
outside of the winding layers. Table 6 lists the main design
parameters of the coils.
The HDMS coil is designed to be self-protected. A conversion of the magnetic energy into heat distributed uniformly
over the HDMS coil material increases the speciﬁc enthalpy of
the coil material by Δhp=Em/ mcoil=4.1 kJ kg−1. Assuming the speciﬁc enthalpy of the coil material is the same as for

Figure 14. The magnetic ﬁeld strength on the conductor surfaces of
the demonstrator coil operating at Jop=700 A mm−2 at 4.2 K .

copper, the temperature of the coil material increases from
Top = 4.2 K to Tf » 70 K .

4.3. Forces and mechanical structure

The mechanical structure of the HDMS coil will be made from
Aluminum 2050-T84 like planned for the toroid structure.
Figure 15 shows a cross section of the HDMS coil and the
mechanical structure. The directions of the Lorentz force, FL ,
on each half winding layer, split through x=0, are marked
with arrows. The entire geometry is symmetric with respect to
the xz-plane and the yz-plane. Hence, the net force on the coil
9
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Table 8. Provisional design parameters for the mechanical structure
of the demonstrator coil.

Figure 15. Cross sectional sketch of the demonstrator coil. The
characterizing geometrical parameters of the mechanical structure
are shown together with the forces.

Table 6. Provisional design parameters for the demonstrator coil.

Symbol

Description

Value

Unit

z0
zout
dout
scon
wsep
scb
sins
Lwd
Lsc
mwd
mcoil
Top
Bpeak
Jop
Je
Iop
Em
Lm

Half straight conductor height
Half max. conductor height
Conductor outer diameter
Conductor thickness
Layer separation width
Thickness of copper bands
Insulation thickness
Conductor cable length
HTS tape length
Conductor cable mass
Coil mass
Operating temperature
Peak magnetic ﬁeld
Eng. operating current density
Critical eng. current density
Cable operating current
Stored energy
Inductance

140.0
280.0
280.0
60.0
25.0
19.5
0.5
0.5
1.0
14.9
25.6
4.2
6.4
700
817
1680
106
75.1

mm
mm
mm
mm
mm
mm
mm
km
km
kg
kg
K
T
A mm −2
A mm −2
A
kJ
mH

Symbol

Description

zstr
dstr
spr
wcov
wmf
wstr
mstr
mcp
σstr
σcon

Half structure height
Structure outer diameter
Protrusion thickness
Cover plate width
Magnet former width
Structure width
Structure mass
HDMS coil pack mass
Maximum stress in structure
Maximum stress in conductor

Fx
Fy
Fz
FL

Lorentz
Lorentz
Lorentz
Lorentz

force
force
force
force

x-component
y-component
z-component
magnitude

Unit

±181
±272
0
327

kN
kN
kN
kN

mm
mm
mm
mm
mm
mm
kg
kg
MPa
MPa

Figure 18 shows the magnetic ﬁeld in the cross sectional
central plane of the HDMS coil, where the maximum
magnetic ﬁeld is 5.5 T . The location of the boundaries of the
coil and mechanical structure are shown. The ﬁeld in the
center of the coil is 2.7 T .
To deﬁne the bending strength of a single coil, we
decompose the magnetic ﬁeld into its Cartesian components Bx
and By, whereof only By contributes to the bending. For each
ﬁxed value of y, we average By over xä[−dout/2, dout/2]

demonstrator coil.
Value

330
380
30
10
50
70
29
55
233
111

4.4. Performance

Table 7. The Lorentz force on half a winding layer of the

Description

Unit

ﬁeld, the stress in the mechanical structure of the HDMS coil
is lower than in the structure of a coil pack for the toroid. The
maximum von Mises stress in the magnet former is about
233 MPa and in the conductor it is about 111 MPa . The stress
causes a deformation that opens up a 0.06 mm wide gap
between the coil and the magnet former.

By ( y ) =

Symbol

Value

1
L

d out 2

ò-d

out

2

By (x , y) dx ,

L = d out.

(5 )

Figure 19 shows the bending strength(5) of the HDMS coil as
a function of the distance from the coil center for particle
trajectories parallel to the x-axis of ﬁgure 18. The regions
respectively occupied by mechanical structure and conductor
are sketched. The maximum bending strength of the HDMS
coil outside the cover plate is about 0.5 T m , which is about
one third of the corresponding bending strength of a single coil
pack from the toroidal magnet system operating in single
mode. Table 9 lists performance parameters for the
HDMS coil.

pack is zero. The values of the Lorentz force components are
listed in table 7. Here, FL = (Fx , Fy, Fz ) denotes the force on
either of the four half winding layers, while FL = FL  is the
force magnitude. Table 8 lists the main design parameters for
the mechanical structure of the HDMS coil.
Figure 16 shows the mechanical structure of the HDMS
coil. The coil structure resembles the one designed for the toroidal magnet coils with some unnecessary structure material
removed. The current inlet and outlet are through indentations in
the bottom part of the cover plates, and the coil layers are connected through the elongated central hole in the magnet former.
Figure 17 shows the von Mises stress on the surface of
the coil and mechanical structure. With the lower magnetic

4.5. Project status

The HDMS project is a three-year project that started in June
2018. The next project milestone is the combined critical
design review and manufacturing readiness review taking
place in December 2019.
Before building the HDMS coil, we will build a series of
small solenoid test coils to compare different cable conﬁgurations and types of metal insulation. The cable conﬁguration and metal insulation, that according to the test coil
results, are most suitable for the spectrometer magnet, will be
10
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Figure 16. The mechanical structure of the demonstrator coil. The insulation and cover plate are hidden for the upper layer. The shapes of the
coil layers are machined into the magnet former. Cover plates hold the coil layers in place. The two coil layers are electrically connected with
a braided copper connector going through an elongated hole in the magnet former.

Figure 17. The equivalent (von Mises) stress on the demonstrator

coil pack. Only one quarter of the coil pack is shown since the
geometry is symmetric with respect to the xz-plane and yz-plane. The
up-facing cover plate and insulation is hidden. The deformation is 14
times enhanced.

Figure 19. The bending strength as a function of y for the

demonstrator coil.

Table 9. Nominal performance parameters for the demonstrator coil.

Symbol

Description

Bxy
B0
Bstr
maxy By L

Maximum B-ﬁeld in xy-plane
Magnetic ﬁeld at the center
Maximum B-ﬁeld at x=dstr/2
Maximum bending strength

Value

Unit

5.5
2.7
1.0
0.61

T
T
T
Tm

implemented in the designs of the full toroidal system and the
HDMS coil. We plan to manufacture the HDMS coil in the
ﬁrst half of 2020 and test it in second half of 2020.

Figure 18. The boundaries of the coil and mechanical structure

sketched on top of the magnetic ﬁeld in the xy-plane for the
demonstrator coil operating at Jop=700 A mm−2 at 4.2 K .
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5. Conclusion
We have developed a conceptual design of an HTS magnet
system for a magnetic spectrometer for a particle physics
experiment in space. The magnet system consists of twelve
racetrack-shaped two-layer coils in a toroidal conﬁguration.
The magnet provides an average bending strength of 3 T m
for particles moving in the central cross sectional plane of the
toroid. This should allow the magnetic spectrometer to detect
particles with rigidities up to 100 TV. In operating mode at
20 K the magnet has a peak magnetic ﬁeld of 11.9 T . Building
the complete magnet system requires about 62 km of 12 mm
wide HTS tape with an engineering critical current density of
1200 A mm−2 at 4.2 K and 20 T. A short model demonstrator
coil, called the HDMS coil, will be manufactured and tested.
In operating mode at 4.2 K the HDMS coil has a peak
magnetic ﬁeld of 6.4 T . The HDMS coil requires 1 km of
12 mm wide HTS tape with an engineering critical current
density of 400 A mm−2 at 4.2 K and 20 T.
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