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LIMSA − Laboratory of Magnet Engineering and Applied Superconductivity

Founded in 1977 by Prof. Francesco Negrini

• Resistive 4.5 T MHD magnet in 
operation until 1990 

• National project on MHD (1989-1993): 
Development of a LTS saddle magnet  
62 MJ - 5 T field, warm bore

Started a new in 2004
Permanent staff

• Prof. Marco Breschi
• Prof. Massimo Fabbri
• Prof. Antonio Morandi
• Prof. Pier Luigi Ribani

• 2 Post-Doc researchers
• 3 PhD students
• 8-10 Graduate students per year 
• 6 Undergraduate students per year



LIMSA research today
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Other (non superconducting)
• Energy Storage
• Induction heating 

Magnet technology
• Accelerator magnets: field harmonics, 

quench, current distribution
• Fusion magnets: conductors, joints 
• MRI magnets: field quality

Power applications of superconductors
• Fault current Limiters, SMES
• DC transmission and distribution
• Grid integration and modeling
• Magnetic Levitation



Modeling at LIMSA

ITER – ENEA
AC losses and current distribution in 
strands, CICCs and full size magnetsCERN - PSI
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accelerator cables
magnets

NHMFL (USA)

Full HTS magnet
model to study

quench in the 32 T 
fully

superonducting
magnet

REBCO cable
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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 results of interfilament resistance mea-
surements obtained with different facilities are compared. Two
internal tin Nb3Sn 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 the UT, a probe-station is used with micropoint-
contact needles as voltage taps and current leads. At ENEA, the
results are attained by a setup with microbonded contacts through
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 simulations are
required. The results of the experiments are in 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, Nb3Sn.

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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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
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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, gtrans,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

 

 

3 

IV. CALORIMETRY FOR THE ESTIMATION OF nτ 
The coupling time constant nτ in the lumped-parameter 

model described above can be obtained from the total energy E 
deposited in the CSI during the AC loss tests. The energy de-
posited in the cable region included between the TS07 and 
TS02 temperature sensors, see Fig. 1c, is computed as in [7]: 

𝐸 = ∫ (ℎ2(�̅�, 𝑇2) − ℎ7(�̅�, 𝑇7)) × �̇�𝑎𝑣𝑒𝑑𝑡
∞

𝑡𝑑𝑢𝑚𝑝

 (8)   

where tdump is the dump time, h the specific enthalpy evaluated 
locally for the two sensors and �̅� and �̇�𝑎𝑣𝑒 are the pressure and 
mass flow rate computed as average between inlet and outlet 
measurements. 

The energy deposited in the CSI by coupling losses is ob-
tained removing from the total energy the estimated contribu-
tion from the hysteresis losses (Ehyst, computed from (7)), i.e. 

 𝐸𝑐𝑜𝑢𝑝,𝐶𝑆𝐼 =  𝐸 − 𝐸ℎ𝑦𝑠𝑡  (9)   

The integration of Pcoup over time and space, with 𝑡 ∈
[𝑡𝑑𝑢𝑚𝑝, ∞] and 𝑥 ∈ [𝑥𝑇𝑆07, 𝑥𝑇𝑆02], corresponds to Ecoup,CSI: by 
dividing it for 𝐴𝑠𝑡 ∙ (𝑥𝑇𝑆02 − 𝑥𝑇𝑆07) we obtain the energy per 
unit volume of composite strands, qcoup,CSI. Therefore, solving 
for nτ, it is possible to deduce its value from experimental data, 
with two different models depending on the form of Pcoup 
adopted. Namely: 

• Model A, using (1), resulting in 

 𝑛𝜏𝑎𝑝𝑝𝑟𝑜𝑥 =
2𝑞𝑐𝑜𝑢𝑝,𝐶𝑆𝐼𝑇𝑑𝜇0

𝐵2̅̅̅̅  (10)   

• Model B, resulting in 

 𝑛𝜏𝑒𝑥𝑎𝑐𝑡 =
2𝑞𝑐𝑜𝑢𝑝,𝐶𝑆𝐼𝑇𝑑𝜇0

𝐵2̅̅̅̅ − 𝑞𝑐𝑜𝑢𝑝𝜇0
 (11)   

where 𝐵2̅̅̅̅  is the square of the integral average magnetic field in 
the region within the TS07 and TS02 temperature sensors. 

The calorimetry and the estimated nτ values are reported in 
Table II, showing an excellent agreement between the two ap-
proaches. The variation of nτ with electro-magnetic cycling is 
reported in Fig. 2, showing that in less than 1000 cycles it re-
duces by a factor ~ 3 (from ~ 600 ms to ~ 200 ms). Note that 
the nτ value at EoC is still larger than prescribed (75 ms [20]). 

V. THELMA ELECTRICAL MODEL 
The electrical module of the THELMA code [8] is a state-of-

the-art model for the computation of current distribution and 
AC losses in multistrand superconducting cables for fusion 
[21], and accelerator magnets [22], [23]. 

The model represents the conductor through a distributed pa-
rameter non-linear circuit. The cable is subdivided into a set of 
electrical elements, which can either correspond to individual 
wires or to strand bundles. The strands/sub-cables interact with 
each other by means of electrical conductances and mutual in-
ductances. The interaction of the electrical elements with exter-
nal coils is also considered through mutual inductive coupling. 

In the THELMA model of the CS Insert, the conductor is rep-
resented at the level of the 24 sub-cables of the last but one ca-
bling stage, each composed of 36 strands. The geometry of the 
CSI conductor as represented in the THELMA model is shown 
in Fig. 3. The inductive coupling of the CS Insert sub-cables 
with the CSMC coil allows computing directly the electromo-
tive forces induced in the loops formed by the sub-cables during 
the dumps of the CSMC current. The resulting current and cou-
pling loss distributions and evolutions are then determined. 

VI. BENCHMARK AGAINST THE THELMA RESULTS 
While the analytical model presented in Sections III-IV has 

been calibrated just using global information deriving from the 
CSI experimental campaign, (1) and (6) are suited also to com-
pute the local power deposition along the cable, which is not 
directly measurable. The THELMA electro-magnetic model, 
described in Section V, has been already successfully applied 
in [7] to the detailed evaluation of the local power deposition in 
the CSI. Those results are used as reference for the benchmark 

TABLE II 
MAIN RESULTS FOR SELECTED TESTS 

Shot # Td  
[s] 

I0,CSMC 
[kA] 

B0 
[T] 

Ecoup,CSI 
[kJ] 

nτ A / nτ B 
[ms] 

36-1 19.1 23.1 6.06 0.69 580/590 
37-1 19.2 36.8 9.68 1.58 530/530 
40-1 18.3 46.1 12.1 2.17 470/470 
80-4 18.5 23 6.04 0.20 174/175 
97-4 18 23 6.04 0.16 142/143 

129-1 18.5 22.9 6.02 0.14 124/124 
164-4 18.9 23.0 6.04 0.25 220/220 
188-4 19.6 45.9 12.1 0.69 149/149 

 

 
Fig. 2. Variation of the n with the number of cycles in the CSI. 

 
Fig. 3. (a) Geometry of the CS Insert represented with the THELMA code 
through 24 sub-cables. (b) Detailed geometry of the sub-cables composing the 
CS conductor. 
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Figure 1. Picture of the CS conductor, with central channel for
forced supercritical helium flow, and external square jacket.

Table 1. Main characteristics of the CS conductor.

Cable data

Cable layout (2sc + 1) ⇥ 3 ⇥ 4 ⇥ 4 ⇥ 6
Twist pitches (mm) 45, 85, 145, 250, 450
Void fraction 33.5%
No. of Sc strands 576
Strand Cu: non-Cu 1.0
Cr-coated strand diameter (mm) 0.83
Cable diameter (mm) 32.6
Jacket (mm) Circle in square 49 ⇥ 49

configuration of wires is described as helices recursively
defined on helices with nominal twist pitches to represent the
different cabling stages of the conductor. As a second step,
the obtained geometry is deformed by means of rigid bodies
represented by two planes and two cylindrical tools. These
tools prescribe the strand displacements in order to gradually
compact the assembly until the nominal void fraction is
reached. In the phase of shaping, an elastic behavior of
the beams representing the strands is assumed. Only at the
end of the shaping phase, an orthotropic constitutive law
is considered to model the irreversible plastic transverse
pinching of wires. The effect of the heat treatment is taken
into account by resetting the induced residual stresses.

After the cable shaping, the material properties are
switched to the elasto-plastic model with appropriate
constitutive laws for the Nb3Sn strand and the copper wire.
These laws have been identified in axial and transverse
directions from comparison with experimental data [13].
Details on the elasto-plastic model are presented in [13]. The
friction coefficient between strands is taken equal to 0.25. The
longitudinal friction between jacket and cable is neglected in
these simulations.

Once the shaping phase is completed, the thermal effects
are simulated. The whole process of cool-down from the heat
treatment temperatures to the liquid helium temperature is not
modeled in the framework of a direct approach accounting
for temperature-dependent material properties. Instead, the
thermal effects are simulated with a compression of the whole
cable along its axial direction made by prescribing identical
axial displacements to each strand end. The displacement

Figure 2. CS sub-cable (petal) strand trajectories and
corresponding strain as computed by MULTIFIL for an imposed
thermal strain of �0.67%.

Table 2. Data for mechanical simulations.

Sub-cable data

Sub-cable length 150 mm
Total no. of strands 144
Total no. of SC strands 96
Total no. of Cu strands 48
SC strand current 76 A
Background magnetic induction field 11 T
Lorentz force per strand 0.84 N m�1

Imposed thermal compression �0.67%
Friction factor 0.25

chosen for the imposed compression is up to �0.67%, which
is in agreement with results reported in [1].

Once the compression process is completed, the Lorentz
force loading is simulated by means of lineic loads applied
along the strands. In this process the current is assumed to be
uniformly distributed among the strands, and to only flow in
the superconducting strands. Current redistribution from the
superconducting strands to the copper strands is neglected,
which is an acceptable assumption when initial phases of the
superconducting to normal transition are considered, up to
electric fields of about 50 µV m�1 for the ITER conductors
considered here. These Lorentz loads are therefore only
applied to the superconducting strands and are oriented in
a transverse direction with respect to the cable axis (not
orthogonally to the direction of each strand). Due to the
assumption of an uniform current distribution among the
strands along the whole cable length, the local forces are taken
equal everywhere in the cable. For all simulations, the Lorentz
force per strand is taken equal to 0.84 N m�1, which would
correspond to a current per strand of 76 A in a field of 11 T.

As a result of the mechanical simulations, the strain is
computed along the cable length for each of the 144 strands
(see figure 2) and at nine positions in the strand cross section,
namely at the center of the circular strand and at eight equally
spaced angular positions (see figure 3). The main data used
for the simulations are summarized in table 2.
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HTS bulks

Rutherford cable

LHC dipole

Strand

Cable Coil - Magnet

3D models of 
bulk HTS 

magnets and 
conductors



Experiments at 
LIMSA

Cryo Cooler 
Sumitomo RDK-
408D
Operating 
temperature
10  K - 300 K
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AC loss and quench analysis of HTS tapes
Quench analysis on MgB2 pancakes
Test of small Coils down to 10 K
Test of small NI coils  

Biaxial handling (PM) and 
levitation force measurement 
system, 500 N max
Characterization of MgB2 and 
YBCO bulks or composite

Tests in atmospheric pressure liquid nitrogen 
Characterization of HTS tapes at 77 K
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Workshops, summer schools and conference

International School on Modeling for 
Applied Superconductivity 


