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Abstract
This paper presents the design of a non-insulated (NI) high-temperature superconductor (HTS)
15 T solenoid with a 72 mm diameter warm bore, intended for use in the Paul Scherrer Institute
positron production (P3) experiment. The P3 experiment, scheduled to start in Q3 2026, aims to
demonstrate a high-yield positron source that is relevant in the context of FCC-ee. The coils will
be solder-impregnated using techniques developed with a small-bore HTS NI coil stack. This
magnet produced a magnetic field of 18 T at 12 K and 2 kA, in a cryogen-free,
conduction-cooled setup. Similarly, the P3 magnet will be conduction-cooled by two
cryocoolers. This larger-bore magnet is designed to operate at 15 K with a nominal operating
current of 1.2 kA. To ensure the protection of the NI magnet, quench prevention is the preferred
strategy. Several potential failure modes are analyzed, including thermal runaway in the event of
failures in the current leads, power supply, or cryocoolers. By enhancing the cold mass’ heat
capacity through the addition of a large lead mass, the stored magnetic energy can be safely
dissipated in the cold mass through the electrical path formed by the superconductor and the
solder. Mechanical analysis indicates that the hoop, radial and axial stresses are kept below
allowable limits.

Keywords: non-insulated magnet, HTS magnet, capture solenoid, conduction-cooled,
cryogen-free, thermal battery, soldered

1. Introduction

The Paul Scherrer Institute (PSI) positron production (P3)
experiment, scheduled to begin in Q3 2026, aims to demon-
strate a high-yield positron source, relevant for future
electron–positron collider, in particular a potential future cir-
cular collider (FCC-ee) [1, 2]. This document outlines the
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design of a 15 T non-insulated (NI) high-temperature super-
conductor (HTS) solenoid with a 72 mm diameter warm bore.
The magnet system will be manufactured at the PSI and will
constitute a significant component of the experimental hard-
ware for P3.

The solenoid’s function is to capture particles generated
by directing an electron beam from the SwissFEL facility at
a target located inside the HTS solenoid (figure 1). The tar-
get is positioned slightly downstream (3 cm) of the axial cen-
ter of the solenoid (figure 1), where the axial magnetic field
reaches 12.7 T [2]. The downstream fringe field is responsible
for the particle bundling [3, 4]. State-of-the-art magnets used
for this role are pulsed normal-conducting (NC) magnets, such
as those used in SuperKEKB [5], and are known as flux con-
centrators or adiabatic matching devices. The advantage of a
high yield, defined as the number of captured positrons relative

1 © 2025 The Author(s). Published by IOP Publishing Ltd
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Figure 1. Schematic of the P3 experiment, adapted from [2]. In this setup, 6 GeV electrons from the FEL, arriving from the left side of the
image, are shot at a target located within the bore of the HTS solenoid. This interaction creates a particle shower, which is bundled by the
solenoid’s stray field. The resulting particle mixture is then accelerated using RF cavities towards a diagnostics module. Normal-conducting
solenoids are used to prevent the de-focusing of the particles during the acceleration.

to the number of electrons directed at the target, is the potential
reduction in the required target beam intensity for a given num-
ber of produced positrons. This, in turn, simplifies the target
design, possibly allowing for a stationary target instead of a
rotating one [6]. It is estimated that the yield can be increased
from approximately 0.6 in state-of-the-art sources [5] to a yield
of 7 [3]. However, achieving this high yield relies on using
1.5 T superconducting solenoids around the downstream RF
structures. Due to limited resources for this project, 0.45 T NC
solenoids will be used for P3, resulting in an expected yield of
4. Yield is defined as the number of obtained positrons relative
to the number of electrons shot at the target.

NI HTS technology gained considerable interest over the
last decade, as NI magnets have demonstrated the ability to
operate in compact, high current density configurations with
high stability [7–9]. For the P3 experiment, the NI coils are
solder-impregnated, resulting in a mechanically strong wind-
ing pack. The thermal conductivity provided by the solder,
combined with an operating temperature of 15 K, where the
available cooling power is large, facilitates conduction-cooled,
cryogen-free operation.

In this way, the relatively high deposited power density
in the cold mass due to radiation (0.5 mWm−3 for FCC-
ee [10]) can be effectively removed. The NI paradigm also
removes the risk of radiation-induced insulation damage [11].
Amajor drawback of usingNI coils is their long charging time.
However, this is not a prohibitive issue for the target solenoid,
as it operates in DC mode and is compact enough to reach the
full magnetic field within approximately one week.

The solenoid for the P3 experiment serves as a prototype for
a potential FCC-ee positron production magnet in several key
aspects: room temperature bore aperture (72 mm diameter),
bore magnetic field strength (15 T), and the suitability of its
mechanical and thermal design. For the P3 experiment, the
anticipated radiation exposure of the cold mass is significantly

lower compared to FCC-ee conditions, both in terms of dose
(18 kGy vs 23 MGy per year) and displaced atoms (10−8 vs
2·10−4 DPA per year), even though these FCC-ee estimates
include tungsten shielding [10]. Therefore, P3 will not address
potential radiation damage to the superconductor. The avail-
able space for shielding inside the 72 mm diameter bore is
approximately 16 to 20 mm per wall.

The decision to construct the solenoid from five identical
coils, without including compensation coils to shape the mag-
netic field, resulted from several design iterations that bal-
anced yield with simplicity. Although a higher yield config-
uration might be achievable for FCC-ee with a more com-
plex winding pack, the expected gains are minimal [12]. For a
detailed discussion on the magnetic field profile optimization,
the interested reader can refer to [4, 12, 13].

The assumption that the target can be stationary and thus
inserted inside the solenoid is realistic due to the reduced
power load on the target, thanks to the high yield. By being
able to place the target inside the bore, a large fraction of the
decay tail of the magnetic field can be utilized to capture the
generated particle shower. The exact optimum target location
depends on the beam parameters [3, 4]. For P3, a placement at
the 12.7 T point is selected [2].

Most concepts that will be used in the P3 solenoid were suc-
cessfully tested at PSI using an 18 T small-bore test coil solen-
oid program. This program addressed coil winding, soldering,
stacking, and electro-thermal concepts related to conduction-
cooled operation at high current (2 kA). The 18 T program
benefited from a licensing agreement with tokamak energy
concerning their NI technology. The P3 solenoid will use toka-
mak energy’s technology for axial current injection. The sol-
deringmethod employed relies on PSI in-house developments.
Two major system-level differences compared to the 18 T
solenoid are the presence of a warm bore for P3 and, for quench
prevention, the addition of heat capacity in the form of a solid
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Table 1. P3 solenoid magnet parameters.

Single pancake
two co-wound tapes

Coil type ReBCO sides facing

Number of pancakes 5 (+1 spare)
Winding pack inner radius 61 mm
Winding pack outer radius 109.5 mm
Axial coil spacing 1.0 mm
Tape width 12 mm
Unit cell thickness 63±5.7 µm
Turns/coil 385
Tape length/coil 412 (2·206) m
Current 1.2 kA
Stored energy at 1.2 kA DC 348 kJ
Inductance at 1.2 kA DC 0.484 H
Time constant L/R at 15 K ∼13 h
Minimum charging time (>7 tau) >4 d
Operating temperature 15 K
Bore field at 1.2 kA 15.2 T
Max field on conductor at 1.2 kA |B| 21.0 T

B|| 21.0 T
B|− 12.1 T

0.5 mT line at 1.2 kA Between (r,z) = (0,2.9)
and (2.1,0) m

buffer. All major components have arrived in the assembly
space, including the cryostat, radiation shield, cryocoolers,
and 2.8 km of 12 mm ReBCO tape. Coil manufacturing star-
ted in Q3 2024 and complete system tests are anticipated in
Q1–Q2 2025. Table 1 shows the main P3 magnet parameters.

The structure of this work is as follows: first, an overview
of the magnet system is given. Second, electro-thermal design
aspects are discussed. Finally, mechanical simulation results
are presented.

2. System overview

This section gives a brief overview of the major system com-
ponents, after which these sub-components are presented in
more detail. The cold mass primarily consists of a NI ReBCO
solenoid composed of 5 pancake coils (see figure 2). This stack
is essentially a scaled-up version of the 18 T-bore-field test
coil stack (compare figure 5), manufactured and tested at PSI
between Q4 2021 and Q2 2022. For the P3 experiment, the
inner and outer diameters of the test coils will be scaled from
50/100 mm up to 122/219 mm, respectively (see table 2). The
cold mass will be conduction-cooled in a cryogen-free cryo-
stat (see figure 2) by two single-stage cryocoolers (Sumitomo
RDK500B). One cooler is used for the cold mass, while the
other cools the radiation shield and the current leads.

The five single-pancake coils are placed between two 6 mm
thick copper plates, which function as current terminals and
allow the current to enter the coils axially. To provide cooling,

Table 2. Radial build. The magnet features room for radiation
shielding, which would be needed for FCC-ee operation.

Component ri (mm) ro (mm)

Warm bore 0 36
Room for FCC-ee tungsten shielding 16–20 36
Inner stainless steel wall 36 38
3 MLI 10-layer blankets 38 52
(3 mm/blanket+vacuum)
Inner radiation shield 52 54
Vacuum 54 58
Winding pack 61 109.5
Stainless steel overbanding 109.5 129.5

Figure 2. P3 cryostat. The cryostat downstream wall, thermal shield
and MLI blankets are not shown.

the plates are connected via flexible copper links (RRR1 ∼67)
and an electrically insulated interface to the cryocooler (see
figures 2 and 3).

On the axial outer side of either copper plate, two Teflon-
coated stainless-steel plates are attached. These plates hold
the cold mass together, as they are connected by bolts. The
cold mass is held in place by a support structure made of G10
and stainless steel, which connects to the downstream stainless
steel flange, see figure 4.

The operating current is 1.2 kA, supplied via leads that
include both, ametal and anHTS section. These leads are sized
for currents of 1.2 kA (metal section) and 2 kA (HTS section).

2.1. Pancake coils

The P3 single-layer pancakes will be co-wound from two
face-to-face pre-tinned (Sn60Pb40, 5µm) 12 mm wide YBCO

1 RRR is the Residual Resistance Ratio, and is the ratio of the resistance at
room temperature (or sometimes 0 ◦C) relative to that at cryogenic temperat-
ure (4.2 K or 20 K) [14].
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Figure 3. Zoomed-in view of cold mass. Part of the thermal shield
and MLI blankets are not shown.

Figure 4. Sketch of support structure concept.

tapes, supplied by Faraday Factory Japan. The tape has a
38µm substrate and 5µm of copper stabilizer per side. The
required length is 412 m per pancake (2·206 m).

During the winding, soldering flux is applied using a flux
foamer [15]. After post-mortem analysis on several dummy
pancakes, GSP-2533 flux (resin, low halides, organic, pro-
duced by Gie-Tec) was chosen for its ability to leave no
observable residue and withstand the relatively slow heating of
the winding pack towards soldering temperatures. Some pan-
cakes feature internal splices, made by soldering.

Several turns of high-tension titanium tape are wound
around the HTS tapes to prevent gaps from opening during
the soldering process. The last titanium turn is spot-welded to
keep it in place.

After a complete pancake is wound, it is dipped in more
flux and placed in a vacuum environment. After the degassing
of the flux, the probe holding the pancake is heated to 200 ◦C,
followed by dipping the pancake into a 220 ◦C Sn63Pb37 bath
for two minutes. Even though the solder’s melting point is
lower, 183 ◦C, raising the temperature significantly above the
melting point enhances wetting and spreading ability [15]. The
absence of an oxygen-containing atmosphere further benefits
the soldering process. After the two minutes, the pancake is
lifted from the bath, and the probe’s heater is stopped. After
the probe’s temperature drops below 170 ◦C, the vacuum is
broken to aid cool-down via convection. During the solder-
ing operation, the pancake is above 200 ◦C for around three
minutes.

2.2. Complete coil

After solder-potting, the titanium tape is removed. Each pan-
cake is reinforced by winding stainless steel tape under high
tension around the winding pack, a common technique for
high-field solenoids [16–18]. This technique reduces the hoop
stress in the superconductor caused by Lorentz forces. Using
individual overbanding for each pancake is preferred over a
single outer cylinder covering all pancakes, to avoid shear
stress between the cylinder and the pancakes due to axial
Lorentz forces. The overband has a radial thickness of 20 mm
and is woundwith 120MPawinding tension. This corresponds
to 200 turns of 0.1 mm stainless steel tape wound with 144 N
tension.

As the final step in coil manufacturing, the current lead
plates are attached. Current is fed into the coils using axial
joints (figure 5), using tokamak energy’s electrothermal inter-
face concept [19]. The axial joints rely on contact over sev-
eral (∼14) turns, which may make this contacting method
less suitable for high-precision magnetic field applications, as
the current path depends on the realized contact. However,
advantages include robustness and ease of pancake stacking.
To ensure parallel surfaces, the outer flat surfaces of the plates
are milled after their attachment to the coils.

2.3. Coil stack

To assemble a solenoid from individual pancakes, the pan-
cakes and the copper terminal plates are stacked. Unlike the
small-scale demonstrator, where pressed contacts were used
to stack pancakes together (∼50 nΩ per connection), the P3

pancakes will be soldered to each other and to the copper end-
flanges using Field’s metal. Its low melting point of 62 ◦C
[20] allows disassembly of the stack without desoldering the
pancakes themselves. Initial soldering tests with an ORM1
type flux (95% water, 5% glutamic acid hydrochloride) show
decent wetting and bonding.

The terminal plates have to be electrically insulated from
the support structure. This is primarily achieved by employing
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Figure 5. 18 T 4-pancake stack, with current terminals attached.
The copper braids have a dual function: they are both current leads
and heat drains. The schematic shows how the current is injected
and extracted using axial joints.

bushings as isolation between the support structure’s stainless
steel rod and downstream stainless steel plate, see figure 4.

Additionally, the interface between the copper plates and
stainless plates is designed to have low friction. If a rigid con-
nection between the copper and stainless steel would be used,
e.g. by using epoxy, this would result in high axial compres-
sion of the coils during their powering, as the stainless steel
plates would prevent the coils from axially deforming towards
the center plane. To avoid this, instead a low friction interface
is used, achieved by applying a Teflon coating on the stain-
less steel plates. A secondary benefit of this coating is an addi-
tional electrical insulation layer between the coils and the rest
of the system. The expected friction coefficient between cop-
per and Teflon at cryogenic temperatures is between 0.1 and
0.5, depending on factors such as temperature and copper sur-
face roughness [21, 22]. The stainless steel plates are connec-
ted to each other by six electrically insulated stainless steel
M8 bolts. The axial thermal contraction of the stack, including
the copper flanges, is 0.269%, so stainless steel bolts (0.296%
[14]) can be used without loss of pre-compression during cool-
down. The bolts are tightened to 8 kN each and gain an extra
2 kN during cool-down, resulting in a total compression force
of 60 kN. A 5 kN axial compression on the stack is sufficient to
prevent the winding pack from moving due to gravity, assum-
ing a friction coefficient of 0.1. The remaining clamping force
can prevent the winding pack from moving in case some net
magnetic force is exerted on the coils in the xy-plane, up to a
maximum of 5 kN.

2.4. Support structure

The cold mass is secured in place by a support structure that
attaches it to the upstream cryostat wall (figure 3). A down-
stream supporting structure is omitted due to limited space in

this area, driven by the desire tominimize the distance between
the solenoid and the downstream RF structures. The struc-
ture comprises eight pillars. Each pillar, see figure 4, is made
from a G10 section in series with a stainless steel section.
The G10 part is connected to the cryostat wall, and the stain-
less steel section is connected via electrical insulation to the
downstream steel plate of the cold mass. The pillar structure
passes through holes in the radiation shield, the upstream stain-
less steel flange, the upstream copper terminal flange and the
downstream copper terminal flange, without making contact.

Constructing the support structure from these two compon-
ents ensures that the temperature drop (293 K to 50 K) mainly
occurs over the G10 section. Thus, radiation emitted from
within the radiation shield is reduced, albeit with an accept-
able increase in conductive heat load compared to a full G10
solution.

Apart from gravity, the primary unbalanced force on the
cold mass is the attraction towards the downstream normal
conducting solenoids, estimated to be up to 30 kN. By not
connecting to the upstream stainless steel flange, we increase
the thermal pathway and prevent magnet-magnet attraction
from creating tensile axial stresses between the coils. With this
solution, stress is compressive on the coils and tensile on the
support. An additional benefit is that many interfaces exper-
ience compressive rather than tensile stress due to magnet–
magnet interaction, including the coil/coil, coil/copper flange,
and copper flange/downstream stainless flange interfaces.

2.5. Thermal buffer

Instead of relying on quench protection for this system, we aim
to prevent quenches2 from developing following fault scen-
arios. There is no protection foreseen for this magnet for cases
in which a quench occurs in the windings. To avert quenches
during normal operation, the system operates with a large
enthalpy margin (the minimum quench energy is 12 J).

In the event of a fault in the current leads, power supply,
or cryocooler, the system must safely ramp down the mag-
netic field. To achieve this, two 115 kg lead blocks serve as
a thermal buffer due to their substantial heat capacity. These
blocks are connected to the cold mass and its cryocooler with
flexible copper braids. Lead was chosen due to its large heat
capacity per volume [14] at operating temperature, and is a
typical choice when additional heat capacity is desired [23].
Neon would have been a valid option as well.

The worst-case scenario involves a complete power failure,
resulting in the loss of cryocooler- and power supply oper-
ation. In this scenario, all stored magnetic energy dissipates
inside the cold mass through the radial path formed by the NI
coils’ solder. A switched-off RDK500B coldhead will conduct
a heat load of around 13.5 W through its neck [24].

2 Here we define a quench in a conduction-cooled NI magnet as a mono-
tonic decrease of the central bore magnetic field in time, together with a non-
monotonic increase in time of the warmest point in the winding pack. This
definition only works for operational phases in which the operator is not act-
ively manipulating the system.
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Figure 6. PSI test-stand current lead thermalization. Flexible metal
current leads (red and blue) carry a current of 2 kA from
room-temperature to the thermalization plate. The thermalization
plate is connected to a copper block that is itself connected to the
cryocooler via a bolted connection with thermal grease. HTS leads
(black) are also connected to the thermalization plates.

Without the thermal buffer, the rise in temperature would
be fast relative to the decrease of magnetic field, and a quench
would develop. Calculations on this scenario are presented in
the next section. Due to relatively large timescales involved,
the heat capacity is situated some distance (0.24 m) away
from the solenoid itself. This contrasts with efforts to enhance
Nb3Sn heat capacity by adding high-Cp material near or even
inside the strands [25, 26].

2.6. Intermediate temperature stage and interfaces

The second RDK500B cooler is dedicated to cooling the radi-
ation shield and the metal current leads. The shield is made
from 2 mm thick aluminium (type EN AW-1050) and has a
surface area of 1.5 m2. Three blankets of multi-layer insu-
lation (MLI), each comprising ten layers, are placed on the
room-temperature facing side of the shield. Seven G10 pillars
provide mechanical support for the shield.

The current leads consist of two sections: a low-RRR cop-
per braid transfers current between room-temperature and the
intermediate temperature heat-sink, and an HTS section facil-
itates current flow between the heat-sink and the coils. The
metal leads’ cross-section is optimized following the approach
in [27].

Removable, electrically conductive, joints are made by
bolting surfaces with a 100µm indium sheet in between.
Titanium washers are utilized to prevent a loss of pre-tension
due to differential thermal contraction.

Thermalization is achieved through copper pads connected
to the cryocooler via an insulated connection, similar to the PSI
test coil setup (figure 6), using a glued copper/stycast/kapton
(50µm)/stycast/copper interface. The measured thermal con-
tact resistance (TCR) of such an interface is presented in
table 3. In the experiment, a copper base-plate attached to a
cryocooler was set to the desired temperature by means of
a PID-controlled heater and a temperature sensor. A smaller
second copper plate (surface area around 9 cm2) was attached
to the main plate via the mentioned interface of stycast and
kapton. The smaller plate also contained temperature sensor

Table 3. Thermal contact resistance of copper/stycast/kapton
(50µm)/stycast/copper.

T (K) TCR (mKm2 W)

10 1.78
20 1.00
30 0.80
40 0.74
45 0.72
50 0.73
60.5 0.75

and a heater to create a temperature gradient of around 2 K
across the interface. The TCR could then be calculated from
the temperature difference between the copper plates and the
supplied heater power.

Although a sapphire interface could potentially allow the
same TCR with a smaller cross-sectional area [28], the chosen
approach offers robustness by avoiding the use of brittle sap-
phire clamped connections.

The HTS leads are made from six 12 mm tapes each, sep-
arated in three stacks of two tapes to mitigate the influence of
the self-field on the current-carrying capacity. The tapes are
enclosed in a glass-fiber sleeve and a perforated heat-shrink
tube. After soldering the tapes to the copper terminals, the
leads are submerged in a container ofmoltenwax. Thismethod
provides some mechanical support while still allowing flex-
ibility during installation using a hot air gun. The maximum
Lorentz force on a stack of two tapes is 14 N.

3. Electromagnetic-thermal simulations

In a conduction-cooled cryocooler-based system, the operat-
ing temperature and electromagnetic behavior are intercon-
nected. Therefore, we estimate the solenoid’s performance
using a coupled approach, considering the system’s response
to different applied current levels to assess available margins.

These simulations will be repeated once time-constant
measurements of the first P3 winding packs and the full coil
will be available. This will determine if the thermal buffer
remains sufficient to ensure safe operation at 1.2 kA with a
margin (a safe discharge up to 1.4 kA is the design target).

The cold mass electromagnetic and thermal behaviour is
simulated in COMSOL using a 2D axisymmetric homogen-
ized geometry based on an H-formulation model, similar to
that in [29]. The main innovation in [29] is the inclusion of
the tapes’ spiral path by means of off-diagonal terms in the
resistivity matrix.

The Ic(B,T,θ) behaviour of the tape is taken from [30,
31] and represents SuperOx YBCO tape3. A scaling law pro-
posed by [32] is used. The fitted Ic is multiplied by 0.95 to
take into account a potential 5% Ic-degradation due to the sol-
dering processes. This is thought to be conservative [33]. An
E= Ec(J/Jc)n power law is used to calculate the electric field,
where the exponent n is parameterized by fitting n(Ic) data

3 Tape with similar performance is obtainable from Faraday Factory Japan.
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Figure 7. Lumped thermal network. Nodes (masses) are connected
via resistances (thermal connections). Some of these resistances (the
support structure and the metal current leads) are simulated as 1D
objects.

at 15 K, as motivated by [34]. n ranges from 15 to 60 [30],
depending on Jc.

The test-coils’ performance is used for an estimation of the
expected time constant of the P3 coils. A fit of the form

ρr [Ω ·m] = 5.7 · 10−13T+ 11.2 · 10−11 + 3.3 · 10−13B (1)

represents the turn-to-turn resistivity ρr. With an estimation of
the P3 solenoid inductance of around 0.5 H, an effective time
constant τ of approximately 13 h at 15 K is calculated. This
implies a minimum charging time of 7τ = 4 d, if the power
supply current were ramped as a step function. In practice, a
slow ramp is used to prevent significant heating in the radial
current path.

Material properties, besides the turn-to-turn resistivity and
the scaling law of the superconductor, are mainly taken from
[14]. The resistive domains of the current lead plates are given
a thermal conductivity of 2 W m−1 K−1 via a rule-of-mixture
estimate based on their inner structure. Thermal properties of
the winding pack are computed using the (inverse) rule of mix-
tures, assuming RRR = 20 for the copper’s temperature and
magnetic field dependent thermal conductivity [35].

The copper terminals link to a lumped thermal network rep-
resenting the cold mass, the coolers, and their interfaces. The
network is sketched in figure 7. The radiation shield receives a
heat load through the MLI, considering both conductive and
radiative contributions [36]), and through the shield’s sup-
port structure. The shield connects to one of the cryocoolers
through a flexible copper link in series with a resistor that
represents the thermal gradient across the heat shield. This
gradient is estimated through a 2D FEM simulation, with the
thermal conductivity of type 1050 aluminum obtained from
[37]. The combined thermal resistance of the copper link and
the shield is set to 3.5 K W−1

The metal leads are simulated using a 1D coupled heat
transfer-electrical current model. The cross-section of the cur-
rent leads is adjusted for each maximum current scenario,
with, for instance, the 1.8 kA scenario requiring a 50% larger
cross-section than the 1.2 kA one.

Figure 8. Temperature profile of several major system components.
Shown are cool-down, ramp, and fault, for 1.2 kA scenario.

The simulations capture the system’s cooldown, sub-
sequent energizing, and magnetic field stabilization phases.
Following stabilization, a fault scenario is introduced wherein
a power failure halts the power converter and cryocool-
ers. Consequently, all stored magnetic energy must dissipate
within the cold mass.

3.1. Temperatures and heat loads

According to the simulation results, the system requires
approximately one day to cool down (figure 8). Once stabilized
after ramping to 1.2 kA, the coil’s temperature is around 15 K.
During the ramp, the temperature of the radiation shield begins
to rise. This is because the cooler connected to the shield has
to cool away the increased load coming from the metal cur-
rent leads. However, the increased thermal radiation from the
shield to the coldmass due to the shield becomes warmer is not
significant enough, see table 4, to raise the cold mass temper-
ature. Additionally, the dissipation within the cold mass itself
is relatively modest compared to the total heat load seen by the
cold mass’ cooler.

The observed heat load on the cold mass (10 W) may seem
substantial, especially when considering that typical MRI sys-
tems operate at 4 K using a 1 W cooler [38]. However, further
optimization of the heat load would only marginally enhance
the system’s performance at 1.2 kA. The RDK500B cooler
delivers a cooling power of 0.5 W at 13 K and 10 W at 14 K
[39], resulting in a maximum potential improvement of only
around 1 K.

The largest temperature difference on a component inter-
face, 4 K, is across the insulated thermal contact between cur-
rent lead and cryocooler (see figure 6). This is followed by the
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Table 4. Heat loads after ramping to 1.2 kA.

Cold mass (W) Intermediate stage (W)

MLI 2.2
Support for rad. Shield 1.5
Copper current leads 104
Radiation 0.02
Dissipation in coils 0.25
Dissipation in joints 2.1
Buffer supports 2.6
G10/SS supports 2.7
HTS leads 2.1
Total 9.8 at 14 K 108 at 40 K

connection between the cold mass cooler and the cold mass
itself (0.5 K), and by the connection from the cold mass to the
buffer (0.2 K).

3.2. Electromagnetic-thermal behaviour during fault

To get an idea of how the system behaves at different current
levels, and from that estimate the available margins at 1.2 kA,
a sweep over the maximum current supplied by the power sup-
ply was conducted. Figure 9(a) shows this current as a function
of time. The two-cooler configuration enables ramping up to
2.2 kA, whereas 2.3 kA results in a thermal runaway and sub-
sequent quench (figure 9(b)).

The central bore magnetic field over time for various cur-
rents is shown in figure 9(d). At the nominal operating current
(1.2 kA) it takes approximately one week to ramp to a constant
magnetic field of 15.3 T. The magnetic field at 1.2 kA at the
cryocooler’s cold finger has a maximum value of 0.10 T and at
the motor stage, it reaches 10 mT. These values fall below the
recommended limits of 0.3 T and 30 mT, respectively [40].

The highest attainable central bore field is 17.5 T, achiev-
able at 1.5 kA. At higher currents, the increased radial current
raises the temperature due to dissipation. Consequently, this
reduces the superconductor’s current-carrying capacity and
thus the generated field.

While the coils can handle currents of up to 2.2 kA when
the leads are properly scaled, the magnet cannot sustain such
high currents during a fault scenario without quenching.

After initiating the fault scenario in the simulation, the
cooling power is disabled, and heat leakage through the cool-
ers’ necks is introduced. Additionally, the electrical circuit is
opened (i.e. forced to zero current) on the room-temperature
side. Consequently, the coils begin to heat up (figure 9(c)) with
a heating rate dependent on the current carried when the fault
starts, as the current is forced through the radial path.

If the initial current is 1.5 kA or lower, the stored energy
dissipates slowly in the cold mass over several hours. At
1.6 kA, a quench develops in the coils after 15min (as seen
by sharp temperature spikes in figure 9(c) and magnetic field
drops in figure 9(e), following an initial gradual temperature
increase. For even higher currents the quench occurs within
minutes after the start of the fault. The first few seconds after

the fault begins involve a dip in temperature over around one
minute, caused by the disappearance of joule dissipation in
several joints.

The simulation was repeated for various cold mass weights,
and figure 10 was generated from the results. At the nominal
operating point of 15.2 T the stored magnetic energy is 348 kJ.
With an installed lead buffer of 230 kg (total cold mass weight
281 kg), the stored energy per kg of cold mass is 1.23 kJ kg−1.
The simulation predicts that a reduction of the cold mass of a
factor 3, and thus an equivalent increase in the stored energy
per kg, would lead to a quench during an open circuit at 1.2 kA.
Thus, there is significant margin present.

The next section will discuss the mechanical behaviour of
the magnet under nominal 1.2 kA operation.

4. Mechanical simulations

This section begins with mechanical simulations on the cold
mass, followed by an estimation of the attraction force
between the HTS solenoid and the downstream 0.4 T NC
solenoids. Finally, the support structure holding the cold mass
in place is analyzed to determine the displacement of the coils
relative to the beam-pipe.

As shown in figure 3, the cold mass consists of five pan-
cakes, stainless steel overbanding, two large copper flanges on
top and bottom of the pancake stacks that act as the electrical
and thermal terminals, and two Teflon-coated stainless-steel
flanges.

The copper flanges, due to soldering to the winding packs,
must handle a significant part of the radial Lorentz force from
the adjacent pancake. Therefore the chosen alloy is a com-
promise between conductivity and mechanical strength. Half-
hard copper Cu-OF (EN 13 599-CW008A) has a high yield
strength (330 MPa at 4 K [41]). For the simulation, the cop-
per’s non-linear stress strain curve above 330 MPa is taken
from [41].

Interfaces are either soldered (coil/coil and coil/copper
flange), high (1.0) friction (coil/overbanding) or low (0.5) fric-
tion (copper flange/Teflon).

For the smeared properties of the current lead plates
attached to either side of every coil, a rule-of-mixtures estim-
ate yields Er = Eϕ =100 GPa, Ez =29 GPa.

4.1. Mechanical simulation set-up

The initially considered approach was to simulate the cold
mass as a whole, with the winding pack treated as an ortho-
tropic homogeneous material, followed by a sub-scale model
in which the winding pack composition is explicitly modeled.

Using an orthotropic homogeneous bulk has been shown
for Nb–Ti-based epoxy-impregnated winding packs to accur-
ately describe the composite’s behaviour [42, 43]. To translate
the results from the smeared winding pack to the stresses in its
components, a sub-scale model would be made in which the
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Figure 9. a) Power supply current as a function of time, for different maximum operating currents Isupply. (b), (c) Maximum coil temperature
versus time. (d), (e) Magnetic field in center of the bore. The cryocoolers are stopped at the time tfail, and an open circuit is introduced.

displacements of the full-scale model are given as boundary
conditions, similar to the approach in [44].

However, this method has limitations. It cannot fully cap-
ture stresses due to differential thermal contraction, as the tape
and solder have different stress-free reference temperatures.
Additionally, modeling plasticity of constituent materials is

challenging with an orthotropic homogeneous bulk stiffness
matrix.

Therefore, the chosen analysis method explicitly models
the tapes, see figure 11. To keep the simulation manageable,
the thickness of the tapes is increased by a factor 10, while
the number of turns is reduced by the same factor. So, each
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Figure 10. Stored magnetic energy per kg of cold mass versus bore
magnetic field, during stable operation. The black markers/spline
indicate the relationship between stored energy and the bore
magnetic field for the P3-configuration. The red area indicates
configurations where the maximum allowable deposited energy
density is exceeded for a given magnetic field. This means that in
this region a quench would occur after the power supply is
interrupted.

Figure 11. Mechanical simulation geometry.

pancake, instead of having 770 (385× 2) turns of 63µm tape,
has 77 turns of 630µm tape. The silver [45], copper [46] and
PbSn [47] are given non-linear stress–strain curves.

The simulation is done in COMSOL and uses the
Activation feature, which allows to activate domains at desired
steps in the solver. For example, the stainless steel flanges are
not physically there during the solder process, so these are dis-
abled in the first solver steps. ‘Disabled’ here means that the
effective Young’s modulus is multiplied by 10−5. Materials
are activated in a stress-free state by removing elastic strains
at the moment of activation.

The solver sequence used is as follows:

• The winding tension is applied. No constraints are applied
to the outer surfaces. Rigid motion suppression is used to
prevent rigid movement in the z-direction.

• The titanium overbanding is applied under tension.
• Soldering of the coils at 183 ◦C. The tape’s constituents are
given a stress-free reference temperature of 20 ◦C. The tapes
are allowed to expand as the solder is initially not activated.
After the tapes have expanded, the solder is activated. The
stress-free reference temperature of the solder is 183 ◦C.

• The current lead plates are attached (activated). In reality,
this happens at a separate 183 ◦C soldering step. The inter-
mediate cool-down to room temperature is not considered
here.

• The winding pack is cooled down to 20 ◦C. The titanium
overband is replaced by stainless steel overbanding is activ-
ated, followed by applying the winding tension to the over-
banding. To account for the complex non-linear compress-
ive behavior of the dry-wound overbanding [48], the radial
modulus of the steel is set to 1/3 the bulk value.

• The collapsible winding mandrel is removed.
• The coils are heated to 120 ◦C. The Field’s metal between
coils is activated, as are the outer copper flanges which form
the solenoid’s current leads.

• The stack is cooled to 20 ◦C, and the stainless steel flanges
are attached (i.e. activated).

• The stack is cooled to 15 K.
• The coils are energized: the Lorentz force is applied, as is
the attraction force towards the normal conduction solenoids
(30 kN) and cryostat lid (2 kN).

4.2. Winding pack stresses

The stress analysis indicates that the Hastelloy substrate exper-
iences a hoop stress of 450 MPa and a von Mises stress of
580 MPa at the innermost turns of the middle coil. Without
the overbanding, the maximum hoop stress would increase to
500MPa. These values are well within the tensile strength lim-
its of ReBCO conductors, with Hastelloy substrates capable of
handling up to 800 MPa stress [49].

Theminimum radial stress, representing compressive stress
perpendicular to the tape’s flat face, is −155 MPa. This value
is also within acceptable limits, as the compressive strength
of ReBCO conductors typically exceeds 300 MPa [50]. The
delamination strength of ReBCO conductor below 77 K can
be above 10MPa [51–53], though values as low as 4MPa have
been reported [54]. The predicted maximum radial stress, loc-
ated at the innermost turns (figure 12(c)), is 2 MPa. Increasing
the winding tension of the overband does little to decrease the
radial stress at this location. Avoiding positive radial stress
entirely would require a smaller ratio of outer-to-inner coil
radii [27], or nesting of coils. So a slight risk of some delamin-
ation is present in the current design.

A too high axial compressive stress can damage the wind-
ing pack. Measurements on NI winding pack without solder
impregnation made from ReBCO tape with a 50µm sub-
strate and either 20µm or 40µm total copper thickness show
Ic-degradation above stresses of 230 MPa and 200 MPa
respectively [55]. Assuming the maximum allowed stress to
scale with the substrate: non-substrate ratio yields an upper
axial compressive stress limit of 215 MPa for the P3 arrange-
ment. The estimated axial compressive stress is highest at,
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Figure 12. Stresses after energizing. (a) Axial stress, (b) azimuthal
stress, (c) radial stress, (d) von Mises stress.

again, the innermost turn of the middle coils, and is 139 MPa
averaged over the tape, or 150 MPa if the solder is included.

Concerning the solder connection between tapes, the tensile
strength of a PbSn/Cu bond is greater than 110 MPa at 100 K
[56], but brittle failure might occur at lower temperatures [57].
The maximum tensile stress experienced by the solder in the
radial direction is 2MPa. In the axial and azimuthal directions,
the solder is in compression. So in case perfect solder contact
were to be achieved, the stresses would be at acceptable levels.

There is the possibility that, if the soldering operation
leaves voids, stress concentrations can start local ReBCO
delamination, even with moderate overall radial stress. In
this case we rely on the intrinsic stability of NI coils which
provides alternative current paths in case of local damage.

The estimated peak stress on the Field’s metal, used to
solder coils to each other, is 75 MPa, and is present already
after cool-down due to differential thermal contraction. The
Field’s metal, if unconstrained, is estimated using the rule of
mixtures to shrink 0.57% [14]. Field’s metal can handle ulti-
mate shear and tensile stresses of 100 MPa and 170 MPa,
respectively, at cryogenic temperatures [20]. This indicates
that the stress levels in the field’s metal are within acceptable
limits.

4.3. HTS solenoid to RF solenoid attraction

The estimation of the attraction force between the HTS solen-
oid and the downstream solenoids around the RF cavities
indicates a significant force, which depends on the separation
distance between the systems. For the current design with a
separation distance of 0.17 m, the estimated force is approx-
imately 20 kN. This force is handled by the 8 G10/SS pillars
(see figure 4. Moreover, the attraction force between the HTS
solenoid and the downstream cryostat lid, made of annealed

Figure 13. Magnetic field profile on axial center line around
cross-over region between the HTS solenoid and the downstream
solenoids, for several different separation distances between them.

316 L with a thickness of 30 mm, is estimated at 2 kN (lid
susceptibility of 1.01).

The required distance between the normal conducting and
superconducting solenoids follows from the magnetic field
requirements. Ideally the magnetic field profile has a negative
slope [12], dB/dz< 0 for z> 0, which is satisfied for separa-
tion distances shorter than 0.33 m, see figure 13.

4.4. Support structure

The displacement of the cold mass relative to the cryostat
exterior is important for the positioning of the magnet with
respect to the target and the beam.

The cold mass moves around 0.5 mm towards the upstream
cryostat wall during cool-down, mostly due to contraction of
the support structure. When a 30 kN force towards the down-
stream 0.45 T solenoids is applied, a movement of 0.1 mm in
the axial direction is expected. The vertical displacement due
to gravity is around 160 µm.

5. Further steps towards the FCC-ee capture
solenoid

The described magnet is part of an effort towards an FCC-
ee injector with a positron source based on an HTS magnet
as an adiabatic matching device. The P3 experiment aims for
demonstrating several aspects of a high-yield source. While
the 72 mm diameter bore has been sized to accommod-
ate tungsten-based shielding based on initial radiation dose
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simulations [10], it is not yet clear if more detailed designwork
on the target, its cooling path, and the shielding will necessit-
ate a larger bore diameter for FCC-ee.

6. Conclusion

The proof-of-concept high-yield positron experiment at PSI,
P3, aims to make significant steps in exploring the potential of
NI HTS technology for high-yield positron production exper-
iments. For a compact DC application in which magnetic field
strength is required, and not necessarily field quality, NI-HTS
technology is a good solution. The capture solenoid is expec-
ted to operate safely at 15 T, 15 K, 1.2 kA, being conduction-
cooled with two cryocoolers. The demonstrator system will be
commissioned at the mid 2025.

In the event of external faults, the magnet’s design ensures
that the magnetic energy can be dissipated within the cold
mass without triggering a quench. This resilience is enabled
by the incorporation of additional heat capacity in the form of
solid lead blocks.

Mechanical stress analysis reveals that the expected stresses
experienced by the magnet’s components, primarily arising
from differential thermal contraction and magnet powering,
remain below degradation limits.
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