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Loss mechanisms in technical superconductors (1/3)

M. Breschi et al., SPAS 2024

1) Eddy current losses

• Caused by currents induced
in normal metals: important
contribution in the high
frequency range

2)Hysteresis losses in
superconducting filaments

• Caused by the non – linear,
hysteretic behavior of the SC
material

SC filament

Resistive matrix

Courtesy of L. Soldati, University of Bologna



Loss mechanisms in technical superconductors (2/3)
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2) Hysteresis losses in superconducting filaments/layers

• In LTS wires, magnetization currents flow in filaments of
3-50 m size.

• In 2nd generation REBCO tapes currents flow over the
whole tape width (2 - 12 mm).

Courtesy of B. Bordini (CERN, Switzerland)

[*] A. Musso, PhD Thesis, University of Bologna, 2021

SC filament

REBCO tape

Courtesy of B. Bordini (CERN, Switzerland)



Loss mechanisms in technical superconductors (3/3)
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3) Coupling losses

• Currents flowing between SC
filaments (through normal
metal matrix in a wire) or
different SC wires/tapes
(through contact resistances
in a cable)

4) Ferromagnetic losses

• Due to the presence of
ferromagnetic materials (ex.
Nickel and Monel in MgB2)
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THELMA code overview 
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• The THELMA code is an
electromagnetic model based on the
A-V formulation [*], which computes
the current distribution and losses in
multistrand cables

Electrical
elements
of the
model

Cable in conduit 
conductor (CICC) M. Breschi et al., SPAS 2024

• The AC loss computation is a complex
task due to the inherent multiscale
structure of the problem

[*] M. Breschi, P. L. Ribani, IEEE Trans. Appl.
Supercond., vol. 18, n. 1, pp. 18 – 28, 2008.

AC loss computation in LTS magnets: THELMA code



THELMA code application
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• The THELMA code is a powerful tool, which thanks to its flexibility can be applied to
analyze numerous SC devices

6000204 IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 23, NO. 3, JUNE 2013

Comparison of Direct Inter-Filament Resistance

Measurement on Nb3Sn Strands Between University

of Twente and ENEA
C. Zhou, M. Dhallé, A. Nijhuis, M. Breschi, T. Spina, A. della Corte, and V. Corato

Abstract—Experimental resultsof interfilament resistancemea-
surements obtained with different facilities are compared. Two
internal tin Nb3 Sn strand types are tested at the University of
Twente (UT) and ENEA Frascati. The direct interfilament re-
sistance is measured with a standard four-point voltage-current
(V –I ) method. At theUT, a probe-station isused with micropoint-
contact needles as voltage taps and current leads. At ENEA, the
resultsareattained by a setup with microbonded contactsthrough
thin aluminum (Al) wires. To extract values for the filament-to-
matrix contact resistance and for the effective transverse resistiv-
ity from these experiments, finite element method simulationsare
required. Theresultsof theexperimentsarein good agreement. In
addition, we correlate the effective transverse resistivity, derived
from the direct interfilament resistance measurement, to values
measured and calculated from ac coupling loss.

Index Terms—Coupling loss, effective transverse resistivity,
inter-filament resistance, multi-filamentary superconducting
strand, Nb3 Sn.

I. INTRODUCTION

FOR A proper characterization of multi-filamentary strands

and a better insight of their performance in short

sample tests, as well as for enhanced understanding of inter-

strand current redistribution in cabled conductors, a quanti-

tative knowledge of the inter-filament resistance is essential.

Previous investigations were performed by well-established

indirect methods, e.g. self-field distribution [1], AC coupling

loss [2] and current transfer length [3]. In particular, in the

case of strain or crack distributions among and along filaments

in strain-sensitive superconductors, such as Nb3Sn cable-in-

conduit conductors, a better understanding of the intrastrand

current distribution process and its impact on the voltage-

current transition is required as a basis for the analysis of full-

size cable results [4], [5].

That’s why, the inter-filament resistance was measured di-

rectly with different newly developed facilities at the UT [6] and
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publication November 29, 2012; date of current version December 15, 2012.
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Fig. 1. Cross-sectional scanning electron microscope (SEM) photos of the
investigated strands.

ENEA [7], respectively. At the UT, a probe-station is used with

four micro-point-contact needles serving as voltage potential

tips and current leads for the four-point V–I measurement. The

aim was to directly obtain intra-strand resistances, including

filament-to-matrix resistance and matrix resistivities. At ENEA,

an effective transverse resistivity is attained by a setup with

micro-bonded-contacts through thin Al wires.

In this paper, inter-filament resistance measurements per-

formed at ENEA and UT on two internal tin Nb3Sn strands are

described, and their results are compared. The strand samples

used at ENEA and UT are split from one piece of strand after

the heat treatment.

To aid experimental analysis, a COMSOL FEM model is

developed at the UT to simulate the measurements, to extract

the filament-to-matrix contact resistance, and to complete the

comparison. In addition, the obtained overall strand effective

transverse resistivity is validated by AC coupling loss exper-

iment at UT as an indirect method. Similarities of the data

obtained by two apparatuses are remarkable, despite the various

differences, e.g. probe size and material, contact techniques,

and sample length.

II. EXPERIMENTAL SETUP

The cross-section and characteristics of the two tested wires

are shown in Fig. 1 and Table I. The two investigated internal

tin Nb3Sn strands were heat-treated at ENEA, and both split

into two pieces for testing at the UT and ENEA. In principle,

both experiments are based on the same technical approach, the

so-called four-probe voltage-current measurement.

A. UT Experimental Setup

At the UT, the Point Contact setup with four micro-point-

contact needles (see Fig. 2) provides a versatile alterna-

tive to determine directly the inter-filament resistance, the

1051-8223/$31.00 © 2012 IEEE
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Fig. 1. Image of the LMI-EM wire cross-section, with 36 subelements.

Fig. 2. Typical V –I voltage curves of a transverse resistance measurement on
LMI-EM strand.

thin Al wires. The sub-elements considered for the transverse

resistance measurement are marked with letters in Fig. 1.

Further details about the experimental procedure can be

found in [18]. The typical response of a transverse resistance

measurement between sub-element P and R is reported in

Fig. 2. Below the critical temperature the voltage-current

characteristic is non-linear. Nevertheless, for sufficiently low

values of the injected current a linear part of the curve is

always present and can be fitted by a linear curve. The value of

the slope of the linear fit represents the transverse resistance.

This parameter is the one that is compared to the simulation

results in the next sections. The measurements were repeated at

different temperatures, in a range from 4 to 300 K. It is worth

noting that the value of the transverse resistance depends on

the sample length at temperatures below Tc, whereas above

Tc the current redistribution is more localized and hence the

resistance is almost independent of the sample length [17].

III. 2-D FEM SIMULATION

In order to compute the transverse conductances per unit

length between the filament bundles i and j , gt r an s,i ,j , a 2D

FEM model of the wire cross section was developed. A detailed

discretization of the wire cross section was implemented in

Maxwell 2D [19], and is shown in Fig. 3. The 150 filaments

contained in each sub-element were grouped into 50 hexagonal

macrofilaments. The details of the discretization of each sub-

Fig. 3. 2-D model of the wire cross-section (a) at the level of the subelements
and (b) at the level of hexagonal filament bundles each containing three
filaments.

Fig. 4. Details of the discretization of each subelement into its constituent
filament bundles. Bronze is formed inside the NbTa barrier.

element are illustrated in Fig. 4. Inside each sub-element,

the material considered between filament bundles is bronze,

whereas in the interstitial space between sub-elements, copper

is taken. The presence of interstitial copper between the various

sub-elements is chemically guaranteed by the presence of anti-

diffusion barriers around each sub-element. The presence of the

barrier itself, due to its small thickness, has been neglected in

the present modeling. Previous studies in which the diffusion

barriers were taken into account confirm that this is an accept-

able approximation [17].

The computation of the per unit length transverse conduc-

tance matrix was performed starting from the geometric model

reported in Fig. 3. However, in order to limit the computa-

tional burden, the transverse conductances were not computed

between all possible pairs of filament bundles, but between sub-

elements or parts of sub-elements. The 36 sub-elements were

subdivided into two groups. A first group includes the 32 sub-

elements among which no direct experimental measurement

of the contact resistance was performed. A second group of

4 sub-elements includes those between which the real mea-

surement was performed. As for the first group, for each sub-

element, an average geometric surface was defined as shown

in Fig. 4. The part of sub-element contained inside this surface

LMI wire for JT60 OCSI wireOST wire

LTS wires (NbTi, Nb3Sn, MgB2) Rutherford cables CICC Joints

SC magnets
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ITER Central Solenoid Insert Test Results
Nicolai Martovetsky, Takaaki Isono, Denis Bessette, Yoshikazu Takahashi, Yoshihiko Nunoya, Yoshihiro Nabara,
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Sylvie Nicollet, Louis Zani, Alexandre Louzguiti, and Jean-Luc Duchateau

Abstract—The ITER central solenoid (CS) is a highly stressed
magnet that must provide 30000 plasma cycles under the ITER
prescribed maximum operating conditions. To verify the perfor-
mance of the ITER CS conductor in conditions close to those
for the ITER CS, the CS insert was built under a USA–Japan
collaboration. The insert was tested in the aperture of the CSMC
facility in Naka, Japan, during the first half of 2015. A magnetic
field of up to13 T and a transport current of up to60 kA provided
a widerange of parameterstocharacterize theconductor. TheCS
insert has been tested under direct and reverse charges, which
allowed a wide range of strain variation and provided valuable
data for characterization of the CS conductor performance at
different strain levels. The CS insert test program had several
important goalsasfollows. 1) Measure the temperature margin of
the CSconductor at therelevant ITER CS operational conditions.
2) Study the effects of electromagnetic forces and strain in the
cable on the CS conductor performance. 3) Study the effects of
the warmup and cooldown cycles on the CS conductor perfor-
mance. 4) Compare the conductor performance in the CS insert
with the performance of the CS conductor in a straight hairpin
configuration (hoop strain free) tested in the SULTAN facility.
5) Measure themaximum temperature riseof thecable asa result
of quench. The main resultsof the CS insert testing are presented
and discussed.

Index Terms—Degradation, loss measurement, performance,
superconductingmagnets, voltage measurement.
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Fig. 1. (Left) CSI cross section. (Right) Installation of the CSI into the test
facility.

I. INTRODUCTION

T HE Central Solenoid (CS) will be provided to ITER, a nu-

clear facility INB-174, by the US ITER Domestic Agency.

The conductor is supplied by the Japanese Domestic Agency.

The CS conductor was qualified in the SULTAN test facility [1],

where a short piece of conductor was placed in a background

field of 10.85 T, a current was introduced into the conductor,

and the temperature was slowly increased. Then the conductor

went through electromagnetic (EM) load cycles and warmups

and cooldowns to simulate ITER operating conditions. In the

past, the CS conductor experienced a significant degradation

during the EM cycles and the warmups. It was assumed and

then confirmed [2] that the reason for the degradation was

broken superconducting filaments due to the EM forces in

the cable. The degradation threatened the ITER mission of

30,000 full cycles and therefore was treated as a high priority

by the ITER community. It led to a new cabling pattern [3].

The new layout, which has much tighter twist pitches in the

subcables proved to have no degradation in SULTAN tests and

was adopted for the CS. This new conductor was used for the

CS Insert fabrication.

Overall responsibility for the CS Insert (CSI) Project rests

with US ITER. The CSI was designed by US ITER, built by

Mitsubishi Electric Company under Japanese Domestic Agency

supervision, and tested by the Japan Atomic Energy Agency

Operating Group. An international Testing Group controlled the

testing procedure and analyzed the test data.

II. CS INSERT DESIGN

The CSI design is described in [4]. Fig. 1 shows the CSI cross

section and the CSI installation in the test facility. The CSI is a

1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redis tribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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• The THELMA model was validated against analytical, numerical and

experimental results in a number of configurations and conditions

10

• AC loss data obtained in
the SULTAN facility (SPC,
Switzerland) [*]

• Temperature rise during AC
loss test on the ITER Central
Solenoid Insert [**]
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• AC losses of the ITER
Central Solenoid
Module [***]

2.5 m 43 m 6 km

[*] M. Breschi, et al. IEEE Trans. Appl.
Supercond., vol. 28, n. 3, 5900205, 2018

[**] M. Brschi, et al., IEEE Trans. Appl.
Supercond., vol. 27, n. 4, 7762085, 2017

[***] M. Breschi, et al., IEEE Trans. Appl.
Supercond., vol. 33, n. 2, 5900212, 2022.

M. Breschi et al., SPAS 2024

THELMA code validation



Case study: the ITER Central Solenoid
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CS module in GA test station

ITER tokamak

Central Solenoid

• For a comparison of losses between
LTS and HTS conductors in a coil, we
selected the ITER Central Solenoid
(CS) as a case study

• The CS consists of 6 modules, each
made of 40 pancakes wound with a
Nb3Sn cable in conduit conductor

• The comparison of AC losses was
performed considering the specific
data of the CSM#1
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Analytical calculation of losses for LTS magnets (1/3)

• The basic analytical model for coupling losses is based on single time constant :

𝑃 𝑡 =
𝑛𝜏

𝜇0

ሶ𝐵𝑖
2(𝑡)

12

• The coupling losses originally
predicted from the 𝒏𝝉 found on
Sultan samples exhibit a discrepancy
wrt experimental data on ITER CS
module #1 [*]

• Extrapolating the 𝒏𝝉 from the test of
the CS Insert, a 43 m long single
layer solenoid, a good agreement
was found [*] [*] M. Breschi et al., IEEE Trans. Appl. Supercond., vol. 33, no. 2, 2023.

50 %

M. Breschi et al., SPAS 2024

Losses in the CSM1 during 
exponential dumps of 
transport current
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[*] P. Bauer et al., IEEE Trans. Appl. Supercond., vol. 32, no. 6, 2022.
[**] A. Torre et al.,   IEEE Trans. Appl. Supercond., vol. 32, no. 6, 2022.
[***] B. Turck, L. Zani, Cryogenics, vol. 50, pp. 443-449, 2010

from SULTAN 
samples

from Twente 
press

• The discrepancy found for the extrapolation from SULTAN data was resolved
accounting for the impact of the B-field and the Lorentz-force on the 𝒏𝝉 [*, **]:

M. Breschi et al., SPAS 2024

• The value of the 𝒏𝝉 is obtained as a
combination of the time constants of
the multi-time constant model [***]

nτ[s] = nτ0 − 𝛽 ∙ 𝐵[T] + 𝛾 ∙ 𝐼 kA ∙ 𝐵[T]

Losses in the CSM1 during 
exponential dumps of 
transport current



Analytical calculation of losses for LTS magnets (3/3)

• The hysteresis losses are computed with two different formulae depending on the
value of the cumulative field variation ∆B with respect to the penetration field 𝐵𝑝:

𝐵𝑝 =
𝜇0 𝜆 𝐽𝑐 𝐵, 𝑇, 𝜀 𝑑𝑒𝑓𝑓

𝜋

𝑃ℎ𝑦𝑠 =
𝜋∆𝐵2

2 𝜇0
2𝜆 𝐽𝑐 𝐵, 𝑇, 𝜀 𝑑𝑒𝑓𝑓

𝑑𝐵𝑘

𝑑𝑡
1 −

𝜋Δ𝐵

3 𝜇0 𝜆 𝐽𝑐 𝐵, 𝑇, 𝜀 𝑑𝑒𝑓𝑓

𝑃ℎ𝑦𝑠 =
2

3𝜋
𝜆 𝐽𝑐 𝐵, 𝑇, 𝜀 𝑑𝑒𝑓𝑓

𝑑𝐵

𝑑𝑡

if ∆𝐵𝑘 < 2𝐵𝑝

if ∆𝐵𝑘 > 2𝐵𝑝

penetration
field

[*] M. Breschi et al., IEEE Trans. Appl. Supercond., vol. 33, no. 2, 2023, 5900212.
[**] P. Bauer et al., IEEE Trans. Appl. Supercond., vol. 32, no. 6, 2022, 4701305 14M. Breschi et al., SPAS 2024

Losses in CSM1 during slow current cycles
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THELMA code overview 
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• Starting from [*] a set of analytical formulae to compute hysteresis losses in a
superconducting slab was developed [**], accounting for transport current and
magnetic field

AC loss computation in HTS magnets: analytical approach

[*] K. Kajikawa et al., Cryogenics, vol. 80, no. 2, pp. 215-220, 2016.
[**] A. Macchiagodena et al, IEEE Trans. Appl. Supercond., vol. 33, n. 5, 2003, 5900705.

Losses per unit of volume of a slab [W/m3]

Total losses [W]

Superconducting slab



17 17M. Breschi et al., SPAS 2024

• The analytical model was validated
by comparison with a 2D FEM
model based on the H-formulation

• Computations performed for a
100-tape stack subjected to 50 Hz
sinusoidal transport current and
orthogonal applied field [*]

• The impact of transport current
on hysteresis losses in a REBCO
stack is significant

[*] A. Macchiagodena et al, IEEE Trans. Appl. Supercond., vol. 34, n. 3, 2024, 8200305.

REBCO stack

AC loss computation in HTS magnets: model validation
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ENEA HTS 
SECAS cable [**]

ITER 
LTS cable

• The LTS cable is the ITER CS conductor,
consisting of 576 SC strands and 288 Cu
strands wound in 5 stages [*]

• The HTS cable is a SECtor-ASsembled
(SECAS) conductor based on BRAided
STacks (BRAST), obtained scaling down
the design of the DEMO CS-conductor
(ENEA) [**]

• The same ratio of transport to critical
current of the DEMO CS conductor was
kept, adapting the cable to the ITER CS
magnet operating conditions

Comparing losses in the ITER CS module as a case study

[*] M. Breschi., et al. in Superconductor Science and Technology, 2023, 36, 035007
[**] L. Muzzi et al., in IEEE Trans. Appl. Supercond., vol. 33, no. 5, 2023, 4200106

EU DEMO, 60 kA, 18 T, 4.5 K

ITER CS, 45 kA, 13 T, 4.5 K



Simulation data

20 20

• The outer radius of the HTS
cable was kept at the value of
the previous CS ITER conductor

• The AC losses were computed
during a cycle of the transport
current, from 0 kA to Iop with a
ramp-rate of 1 kA/min, followed
by an exponential dump

Comparing losses in LTS and HTS magnets: simulation data

• The designed HTS conductor includes 6 stacks of 21 REBCO tapes,
4 mm wide, embedded in a braid of copper wires (to be compared
with 6 stacks of 25 tapes, 12 mm wide, of the DEMO conductor)

M. Breschi et al., SPAS 2024
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• The hysteresis losses in HTS were computed
with two analytical approaches:

1) The formula for superconducting slabs
[*], accounting for both field and
transport current

2) The formula widely used for LTS, adapted
to HTS twisted stacked cable in [**],
which does not account for the transport
current

[*] A. Macchiagodena et al, IEEE Trans. Appl. Supercond., vol. 33, n. 5, 2003,
5900705.
[**] M. Takayasu, et al. Supercond. Sci. Technol. vol 25 no. 1, 2011,014011.

𝑃ℎ𝑦𝑠 =
2

3𝜋
𝜆 𝐽𝑐 𝐵, 𝑇, 𝜀 𝑑𝑒𝑓𝑓

𝑑𝐵

𝑑𝑡

2

𝜋
𝑑𝑒𝑓𝑓 = 𝑤𝑡𝑎𝑝𝑒

[*]

[**]

Comparing losses in LTS and HTS magnets: models for HTS 
(1/2)
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• Coupling losses between tapes in the
stack were neglected due to their low
time constant (2.5 ms) [*]

• The coupling losses between stacks were
computed via the single time constant
model, with n = 300 ms [**]

• The current inside a SECAS HTS cable is
highly affected by the contact resistance
between sectors and between the stacks
and the sectors [**]

[**] G. De Marzi, DEMO intermediate meeting
02/10/2024

[*] Y. Ueno, et al. Plasma and Fusion Research, 2021, 16:
2405071

Potential φ (colour map) and 
Current density for a SECAS cable

M. Breschi et al., SPAS 2024

Comparing losses in LTS and HTS magnets: models for HTS 
(1/2)



                

         

  

  

  

  

 
 
 
 
  
 
  
 
 
  
  
  
 
  

   
   

• The total coupling loss energy follows the same distribution in the pancakes for
both the LTS and HTS coils.

• The coupling losses in the HTS coil are about a factor of 2 greater than in the LTS
one.

Comparing losses in LTS and HTS magnets: coupling (1/2)

23Ramp up 0 - 40 kA (1 kA/min) Exponential dump from 40 kA (Td = 6.2 s )
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• The upper and lower pancakes exhibit higher losses than the
central ones, due to their higher average value of the field

          

      

 

 

  

  

 
 
 
 
  
 
  
 
 
  
  
  
 
  

          

   
   

          

      

 

 

  

  

 
 
 
 
  
 
  
 
 
  
  
  
 
  

           

   
   

• The loss distribution over turns is more uniform in the
pancakes at the coil ends

Comparing losses in LTS and HTS magnets: coupling (2/2)

Exponential dump from 40 kA (Td = 6.2 s )

M. Breschi et al., SPAS 2024

Pancake 1

Pancake 20



Comparing losses in LTS and HTS magnets: hysteresis 
(Takayasu)

25 25

Hysteresis losses HTS [*] Hysteresis losses LTS

• The hysteresis losses in
the HTS coil are one order
of magnitude higher than
in the LTS one

Exponential dump 
from 40 kA (Td = 6.2 s )

[*] M. Takayasu, et al. Supercond. Sci.
Technol. vol 25 no. 1, 2011,014011.
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Iop 
[kA]

Td
[s]

LTS 
coupling 

 [kJ]

LTS 
hysteresis  

[kJ]

HTS 
coupling 

[kJ]

HTS 
hysteresis
Takayasu

 [kJ]

HTS hysteresis 
Macchiagodena

 [kJ]

10 7.3 65 41 135 531 1079

20 6.95 267 77 566 862 1788

30 6.55 623 97 1350 1108 4554

40 6.2 1140 111 2532 1305 *

• For dumps from low transport current, the hysteresis losses in the HTS conductor
are greater than the coupling ones

• The hysteresis losses in the HTS conductor computed with the 2 analytical formulae
considered differ by a factor up to 4

Comparing losses in LTS and HTS magnets: exponential dumps
(1/2)
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Comparing losses in LTS and HTS magnets: exponential dumps
(2/2) Total losses LTS Total losses HTS

• The overall losses in the HTS conductor are greater than in the LTS one by a
factor from 2.5 to 8 depending on the formula adopted for hysteresis losses



Summary
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• After many years of work on modeling and experiments, the community reached
the ability to predict with reasonable accuracy the losses in large LTS fusion
magnets

• A comparison of losses between LTS and HTS conductors is not straightforward,
due to their different typical working conditions

• In the case study of the CS ITER Module in standalone configuration, the coupling
losses of LTS and HTS conductors have the same order of magnitude, while the
hysteresis ones are one order of magnitude higher in the HTS case

• Further validation vs numerical and experimental data is required for the
hysteresis loss formulae for twisted stacked HTS conductors
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