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Abstract
A single aperture Canted-Cosine-Theta (CCT) quadrupole

magnet, made of NbTi superconductors, has been developed
for the final focus region of the FCC-ee study. The conduc-
tor layout is optimised to mitigate edge effects on one of
the two sides of the magnet that typically lead to undesired
higher-order multipoles. Experimental results of a prototype,
including paraffin wax impregnation and cryogenic temper-
ature measurements, are presented. The magnet exhibits no
training behaviour, surpassing the nominal current during
the initial ramp. Field quality is excellent, with higher-order
multipoles below 1×10−4 units, consistent with simulations
and room temperature tests. These findings confirm the po-
tential of superconducting CCT magnets to offer compact
solutions for applications demanding stringent field quality.

INTRODUCTION
The Future Circular Collider (FCC) study plans on build-

ing a Higgs and electroweak factory through collisions of
positrons and electrons (FCC-ee) [1]. Once these particles
have been accelerated to their desired energy, strong so-
called final focus quadrupole magnets, focus the two indi-
vidual beams around the so-called interaction region where
collisions occur.

A Canted-Cosine-Theta (CCT) magnet topology has been
proposed for the realization of the final-focus quadrupole,
following a similar work done at CERN [2]. The conduc-
tor layout has been designed such that the edge effects are
reduced on one side and kept unchanged on the other side
for comparison. A prototype of shorter axial length was de-
signed and built in 2019. Its specifications are summarized
in Table 1. The integrated quadrupole component 𝐵2 is 2.2
times less than the full-size final magnet of length 0.7 m
(initially 1.2 m-long but recently adjusted in the project base-
line). The magnet is wound with 8 individually insulated
superconducting wires. The wires are then connected in
series in a joint box positioned at one end of the magnet.

Superconducting magnets need impregnation for better
strand-to-strand thermal management and better mechanical
integrity. This consists of filling the gaps between windings
with an electrically insulating material, improving the overall
thermal conductivity of the pack, and better distributing the
stress across it. Traditional epoxy-based impregnation often
exhibits a training phenomenon, requiring multiple cycles
before optimal performance. Recent studies demonstrate
that paraffin wax impregnation eliminates this issue [3–5],
solving a bothersome problem of superconducting magnets.
Here, we describe a dedicated impregnation setup developed
for this purpose. Magnetic measurements of the demon-

strator were initially conducted at room temperature (i.e.
warm) [6] and are now presented at cryogenic temperatures
(i.e. cold) to assess superconducting magnet performance
accurately. The cold tests were conducted in Nov. 2023.

WAX IMPREGNATION
The magnet impregnation process involves injecting hot

melted wax into the empty gaps between windings, which
then solidifies to ensure mechanical integrity. Paraffin wax
undergoes a liquid-solid phase transition at around 55 °C,
contracting by approximately 15% upon solidification. To

Table 1: Specification Final-focus Quadrupole Demonstrator
Aperture � 40 mm Inductance 6.3 mH

𝑙𝑧 430 mm Joint R @600 A 130 nΩ
Conductor NbTi 𝐼nom per wire 764.5 A

Winding pack 8 wires 𝐽𝑒 728 A/mm2

Wire type
LHC cable

polyimid insul.
peak 𝐵 2.95 T

Wire � w/ insul. 0.970 mm peak ∇ 𝐵 100 T/m
Wire � w/o insul. 0.825 mm

∫
𝐵2 𝑑𝑧 at r=𝑟★ 0.315 T.m

s/c to Cu ratio 0.526 𝑇nom 1.9 K
𝑙conductor 276 m 𝑇margin 2.5 K

Figure 1: Wax impregnation station inside an oven (top);
Cross-section view of the top part of the magnet mounted
within the set-up (bottom).
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Figure 2: Measured temperature at different positions across
the magnet during the wax solidification process.

prevent the formation of trapped empty spaces within the
winding pack, temperature gradients are applied across the
magnet during progressive cooling, following an approach
similar to [3].

Figure 1 shows the impregnation station and a cross-
section of the top part of the magnet. Internal wax reservoirs
at the top of the magnet provide additional impregnation
volume to compensate for crystallization shrinkage. The
system is placed within an oven to achieve the temperature
necessary for the wax to be melted. The magnet is air-tight
and a weak vacuum is created within the magnet to avoid
trapping air bubbles which would degrade the impregnation
quality. Wax flow is facilitated by a peristaltic pump, filling
the magnet from the bottom. A copper shaft is inserted in-
side the magnet and connected to a copper plate lying at the
bottom of it. This induces two temperature gradients across
the magnet: one from the inner layer to the outer layer, and
another from the top to the bottom part of the magnet. A
water cooling circuit is added below the magnet enhancing
temperature control of the heat exchanger and accelerating
wax cooling.

Figure 2 shows the temperature profiles measured at vari-
ous positions across the magnet and downsampled by aver-
aging over ten points. An average 3 °C and 5 °C temperature
difference was observed between the inner side (in contact
with the heat exchanger shaft) and outer side (in contact with
the magnet housing); and between the top and bottom part
of the magnet respectively.

TESTING CAMPAIGN AT COLD

Once impregnated, the magnet was tested at cryogenic
temperatures for characterization. The prototype was placed
inside a cryostat with rotating coils, as depicted on the right
side of Fig. 3. The cryostat is filled with helium and cooled
to 1.9 K and later to 4.5 K. The test took place in November
2023 at the Siegtag cryostat of the SM18 cryogenic facility
of CERN.

Critical Current Density

Multiple taps within the joint box monitor voltage between
wires to detect quenches and protect the magnet by discharg-
ing energy into a dump resistor. A 50 Ω crowbar connected
to a 75 Ω dump resistor is employed for energy extraction.
A 100 mV threshold with 10 ms validation time is used for
quench detection. Inductive voltages are canceled by com-
paring the first half of the magnet with the second half, and
quarters of the magnets are also compared for redundancy
and in the case of symmetric quenches.

Various ramping tests determine the critical current of the
magnet, as illustrated in Fig. 4. Notably, no training is ob-
served. The short-sample critical current already measured
on previous occasions is reached on the first attempt. A
margin exceeding 20% at 1.9 K is validated for the nominal
operating current. Additional tests have been performed at
4.5 K for demonstration, also reaching the short sample limit
associated with this operating temperature.

Figure 3: (Left) Inner former of the CCT magnet. Note the
deviation of the first two turns from a pure sinusoidal shape
[7]. (right) Open cryostat set-up for cold measurements.
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Figure 4: Quenching campaign of the magnet with various
current ramping rates.



Field Quality Measurements
The field quality is determined by the normalized coeffi-

cients resulting from the Fourier analysis of the flux density
distribution across the magnet cross-section [8, Chapter 6].
These coefficients are determined by inductive passive PCB
coils rotating around the axis inside the magnet. Three coils
cover the entire axial length: one at the center for nominal
magnetic strength characterization, and two others to inves-
tigate edge effects. A distinctive conductor layout on one
side corrects undesired higher-order multipole content. This
is illustrated in Fig. 3 with the grooves hosting the conduc-
tor diverging from the usual sinusoidal profile that leads to
undesired edge effects. The correction is confirmed by com-
paring coefficients from the coils positioned on the corrected
and non-corrected sides as shown in TABLE 2. The field
quality analysis results, although worse than the warm tests,
are still below 1 unit in the central region. We have not re-
peated the extra step done at warm which reduced multipole
errors and consisted of rotating the magnet by about 45◦
with respect to the measuring system (before repeating the
measurements) [6].

The magnitude of undesired higher-order harmonics is
significantly reduced on the corrected side compared to the
non-corrected one, reaching values below 5 units (the nor-
malization uses the quadrupole field of that side and not of
the whole magnet). One should note that when evaluating
the overall performance of the magnet, the total length would
be considered, resulting in a larger normalizing quadrupole
component which mainly comes from the central part. This
dilutes the contribution of the edges to the field quality of
the prototype, and even more for the full-scale magnet.

This validates the possibility of tuning the conductor lay-
out of CCT magnets in the edge to remove undesired higher-

Table 2: Comparison of the field quality between the warm
and cold (1.9 K) measurements of the CCT quadrupole pow-
ered with a current of 5 A and 765 A respectively. The
normal 𝑏𝑛 and skew 𝑎𝑛 components of different higher or-
der multipoles 𝑛 are evaluated at a 𝑅ref = 10 mm. They are
expressed in 10−4 units.

𝒃𝒏 𝒂𝒏

𝒏 Case Center
Non

Corrected
Side

Corrected
Side Center

Non
Corrected

Side

Corrected
Side

3
Warm −0.22 −35.98 1.83 0.32 −78.07 −2.24

Cold 0.32 −32.04 0.71 0.11 −57.36 −0.78

4
Warm 0.53 11.80 3.38 0.54 −46.56 −1.15

Cold 0.52 13.81 3.36 0.79 −37.39 −1.44

5
Warm −0.16 −8.66 −0.30 −0.03 −5.83 0.02

Cold −0.18 −7.31 −0.30 −0.06 −4.13 0.18

6
Warm 0.64 4.44 1.02 −0.12 1.74 −0.11

Cold 0.79 4.11 1.22 −0.07 1.80 −0.12

7
Warm 0.03 −1.62 0.00 −0.00 −0.79 −0.01

Cold 0.01 −1.47 −0.03 −0.01 −0.91 0.01

8
Warm 0.00 0.65 −0.05 −0.03 0.27 −0.02

Cold 0.00 0.65 −0.01 −0.02 0.35 −0.04

order multipole content. This approach can also get rid
of crosstalk from the adjacent magnet in a twin aperture
arrangement as envisaged in FCC-ee.

CONCLUSION
This work presents the first prototype built for the final

focus quadrupole of the FCC-ee study. A CCT superconduct-
ing magnet impregnated with paraffin wax is built and tested.
The magnet exhibits no training behavior and reaches the
short-sample critical current (1000 A) for various current
rates up to 100 A/s. The field quality is excellent. Addi-
tionally, this prototype validates the possibility of tuning the
conductor layout of a CCT magnet to greatly reduce edge
effects for improved field quality. Future work will present
a similar approach for crosstalk compensation of a twin-
aperture arrangement. This will be demonstrated with a CCT
sextupole wound with High-Temperature-Superconducting
(HTS) tapes.

ACKNOWLEDGMENTS
We would like to acknowledge the help of Michael Daly,

Colin Müller, and Jaap Kosse from the Paul Scherrer Insti-
tute (PSI), as well as Daniel Barna from the Wigner Research
Centre for Physics for their support with the impregnation
station. Additionally, many thanks to the team at SM18
Arnaud Devred, Gerard Willering, Jerome Feuvrier, and
Franco Julio Mangiarotti for their help with the cold tests.
Finally, we would like to thank Austin Ball, Günther Disser-
tori, Markus Klute, and Maf Alidra for their invaluable help
during various stages of the project.

REFERENCES
[1] A. Abada et al., “FCC-ee: The Lepton Collider”, Eur. Phys. J.

Spec. Top., vol. 228, pp. 261–623, 2019.
[2] G. A. Kirby et al., “Hi-Lumi LHC Twin Aperture Orbit Correc-

tors 0.5-m Model Magnet Development and Cold Test”, IEEE
Trans. Appl. Supercond., vol. 28, pp. 1–5, 2018.

[3] D. Barna et al., “The Superconducting Shield (SuShi) Septum
Magnet Prototype”, IEEE Trans. Appl. Supercond., vol. 32, pp.
1–5, 2022.

[4] M. Daly et al., “Improved training in paraffin-wax impregnated
Nb3Sn Rutherford cables demonstrated in BOX samples”, Sup.
Sci. and Tech., vol. 35, p. 055014, 2022.

[5] D. M. Araujo et al., “Assessment of Training Performance,
Degradation and Robustness of ParaffinWax Impregnated Nb
3 Sn Demonstrator under High Magnetic Field”, IEEE Trans.
Appl. Supercond., vol. 34, pp. 1–8, 2024.

[6] M. Koratzinos et al., “Magnetic Measurements at Warm of the
First FCC-ee Final Focus Quadrupole Prototype”, presented
at Proc. IPAC’21, (virtual) Campinas, Brazil, May 2021.

[7] M. Koratzinos et al., “A Method for Greatly Reduced Edge
Effects and Crosstalk in CCT Magnets”, IEEE Trans. Appl.
Supercond., vol. 28, pp. 1–5, 2018.

[8] S. Russenschuck, Field Computation for Accelerator Magnets
Analytical and Numerical Methods for Electromagnetic Design
and Optimization, Wiley-VCH Verlag GmbH, 2010.


	INTRODUCTION
	WAX IMPREGNATION
	TESTING CAMPAIGN AT COLD
	Critical Current Density
	Field Quality Measurements

	CONCLUSION
	ACKNOWLEDGMENTS

