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Abstract
In the frame of the EuCARD2 collaboration, aimed at developing the technology for 20 T class
accelerator magnets, several demonstrator dipole magnets are being built using high critical current
density and fully transposed ReBCO tape-based Roebel-type cables. In accelerator magnets the
dynamic magnetic field quality is one of the key parameters, which is affected by the effective inter-
strand resistances in the cables. For this reason, measurements of the inter-strand resistances on
ReBCO Roebel cables were carried out at 4.2 and 77 K. Acquiring these data is also essential for
input of cable simulation models. The cable samples are impregnated with epoxy resin to reduce the
effect of transverse stress degradation due to Lorentz forces acting on the strands in the Roebel
cables. The measured inter-strand resistance is used to estimate the AC coupling loss in different
magnetic field orientations. Moreover, the contributions of diverse interface contact resistances to
overall inter-strand resistance of Roebel cables were determined using a novel theoretical model.
For validation, the AC loss of cables were examined in various orientations of applied field at 4.2 K.
With three analytical models the hysteresis loss was calculated and compared to the measured data.
The average inter-strand resistance of the cable samples impregnated with the unfilled epoxy CTD-
101K range from 3 to 16μΩ at 77 K and 1.5 to 9 μΩ at 4.2 K. Between the tapes the copper to
copper interface resistance dominates the inter-strand resistance of impregnated Roebel cables. The
calculated and measured AC loss for the CTD-101K impregnated Roebel cable lead to equivalent
conclusions that the coupling loss is lower than the hysteresis loss within the range of the
experiment. These observations substantially differ from earlier results extracted from a similar
cable but impregnated with the alumina-filled epoxy resin CTD-101G, which showed considerable
coupling loss when exposed to magnetic field parallel the wide face of the cable.

Keywords: EuCARD2, ReBCO Roebel cable, AC loss, inter-strand resistance

(Some figures may appear in colour only in the online journal)

1. Introduction

Awork package in the EuCARD2 program [1] was dedicated to
the development of 20 T class accelerator type superconducting
dipole magnets. To reach this magnetic field level, high-temp-
erature superconductors have to be applied. This type of mag-
nets require cables preferably with full transposition and the
highest current density which can be achieved with so-called
Roebel cables. Two coil designs were studied: the well-known

cosine-theta and the relatively new ‘aligned block’ layout,
which takes advantage of the anisotropic in-field properties of
ReBCO coated conductors [2]. The aligned block layout can
deliver the highest magnetic field with the least volume of
conductor. In the frame of EuCARD2 CERN is assembling
aligned block coils, and CEA-Saclay follows the cos-theta
design, both wound with ReBCO tape based Roebel cables.

Calculations of Kirby et al [2] performed on the aligned
block magnet design show that the Roebel cable in 13 T

Superconductor Science and Technology

Supercond. Sci. Technol. 32 (2019) 125002 (12pp) https://doi.org/10.1088/1361-6668/ab4665

0953-2048/19/125002+12$33.00 © 2019 IOP Publishing Ltd Printed in the UK1

https://orcid.org/0000-0003-4512-056X
https://orcid.org/0000-0003-4512-056X
https://orcid.org/0000-0001-8072-7725
https://orcid.org/0000-0001-8072-7725
https://orcid.org/0000-0003-2158-7288
https://orcid.org/0000-0003-2158-7288
https://doi.org/10.1088/1361-6668/ab4665
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6668/ab4665&domain=pdf&date_stamp=2019-10-16
https://crossmark.crossref.org/dialog/?doi=10.1088/1361-6668/ab4665&domain=pdf&date_stamp=2019-10-16


background magnetic field is exposed to a transverse stress as
high as 110MPa, further increasing to 150MPa when the
magnetic field is 20 T. It was successfully demonstrated that
such transverse pressure levels, and even levels well above,
can be sustained by properly impregnated ReBCO Roebel
cables [3, 4].

Besides persistence under transverse stress, for the Roe-
bel cables in the dipole magnet also adequate magnetic field
quality and optimal balance between coupling loss and cur-
rent sharing are needed for thermal stability. The present work
aims to improve the understanding of the relation between
inter strand resistance and coupling loss in practical impreg-
nated ReBCO Roebel cables for use in magnets.

A few publications report the inter-strand contact resist-
ance of ReBCO Roebel cables [5–7] performed, however, on
non-impregnated cables. AC loss performance of Roebel
cables is reported as well but mostly concentrating on mea-
surements at 77 K [8].

Practical Roebel cables when used in accelerator type
coils must be resin-filler impregnated for enhancing their
mechanical properties thereby avoiding severe critical current
degradation commencing at rather low transverse stress.
However, resin impregnation of Roebel cable is not so
straightforward since epoxy resin has a very different thermal
contraction coefficient than ReBCO tape, which can cause
layer delamination in the coated conductor Roebel strand [9].
Resins with proper filler can be better matched to tape’s
thermal contraction [10]. Two impregnation variants were
tested: first CTD-101G resin with Al2O3 powder as filler and
in a later stage CTD-101K resin combined with a glass-fiber
sleeve. We focus on the inter-strand contact resistance at 4.2
and 77 K of the latter cables, which were deemed better suited
for magnet development [4]. Three cable samples impreg-
nated with unfilled epoxy resin CTD-101K and glass-fiber
were examined, and the results used for calculating analyti-
cally the coupling loss for various magnetic field orientations.
For validation reason, the AC loss of one cable was measured
at operational conditions typical for accelerator magnets at
4.2 K and low frequency of 0.01–0.1 Hz.

Earlier AC loss data of CTD-101G impregnated Roebel
cable by Van Nugteren et al [11] showed that when the
magnetic field is perpendicular to the cable’s wide surface,
mainly hysteresis loss is present. In the parallel field direction
to the same surface, presence of coupling loss was evident.
The results were used to validate the electrical network model
developed by Van Nugteren et al [11], that allows calculation
of dynamic magnetic field quality, stability and normal zone
propagation of Roebel cable. For using the electrical network
model for exhaustive simulation of various Roebel cables,
much more and better experimental input data as magneti-
zation and contact-resistance are required.

To understand the relative contribution of the various
tape layers in the Roebel strand to the cable inter-strand
resistance, theoretical analysis of the contact resistance
between component materials in the coated conductor were
performed. Also, different analytical models are used to
estimate the hysteresis loss behavior of the cables.

2. Experimental details

2.1. ReBCO roebel cable

Four 15-strand SuperPower-type Roebel cable samples were
prepared using two impregnation variants (table 1). Cable I, II
and III, shown in figure 1, all with glass fiber braid in the
central channel, were covered by a glass-fiber sleeve and
vacuum impregnated with epoxy resin CTD-101K [12]. The
inter-strand resistance of the samples was determined using
direct transport current measurements at 4.2 and 77 K. The
inter-strand resistance is defined by the contact resistance over
a single tranposition length Ra. The cables were impregnated
over a length slightly longer than one transposition length.
Thin kapton foils are insulating the excess lengths of strands
sticking out at one terminination and where instrumentation
wires are soldered to each strand.

After the inter-strand resistance measurements, Cable II
was cut down to one transposition length for measuring the
AC loss. A same length of Cable IV, earlier impregnated with
alumina-filled CTD-101G, was also selected for AC losses
measurements. Note that this earlier sample had not been
fitted with voltage taps prior to impregnation, so that for
Cable IV no directly measured Ra data are available. For all
cables samples 5MPa transverse pressure was applied to their
wide face during impregnation thereby roughly mimicing the
conditions during magnet preparation. All four cables samples
have the same geometry depicted in figure 2 using strands
made from SuperPower tape, see table 2.

AC loss is measured at 4.2 K in a dipole magnet facility
[13], sweeping the transverse magnetic field between ±1.5 T
with a frequency of 1 Hz maximum.

2.2. Determination of the inter-strand resistance

Inter-strand resistance values of non-impregnated Roebel
cables, characterized as a function of transverse pressure,
were presented and modeled by Otten et al [5], who showed
the resistance to decrease with pressure in bare cables. In this
paper, a series of stationary transport current measurements
are presented to determine under self-field condition the tape-
to-tape inter-strand resistance of impregnated Roebel cables
within one transposition pitch. The strand in the cable chan-
ges position along the longitudinal direction, thus within one
transposition length every strand is in contact with two
neighboring strands. The ReBCO layer in the strand is in
equipotential. One transposition length in a 15-strand cable

Table 1. List of ReBCO Roebel cables investigated.

Impregnation/Cable I II III IV

Epoxy resin CTD-101K CTD-101G
Glass-fiber sleeve Yes Yes
Glass-fiber central rope Yes No
Measurements
Rameasured Yes No
AC loss measured No Yes No Yes
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can then be represented by the equivalent electrical circuit
shown in figure 3. The nodes represent the ReBCO layer,
each at a potential Vi, while Rij represent the cross-over
resistances between strands i and j. The sensing wires sol-
dered to all strands at the cable sample termination are used
either as current lead or voltage tap. In the network in
figure 3, current is injected in strand 1 and extracted from

strand 8, while the electrical potential of all other strands is
measured using strand 15 as reference potential. With the
cable at 4.2 K and an injected current of 2 A, this configura-
tion leads to the measured voltage profile indicated by the
solid circles in figure 4.

Indexes refer to strand pairs, with strand 15 as reference
potential. In the example of figure 3, the current can flow
from strand 1 to strand 8 through two parallel paths, either via
strands 2–3 denoted as current I0102 or via strands 14–15
referred to as I0115, as shown in figure 3, with
I0102+I0115=I. Note that Iij indicates sub-current flow from
strand i to strand j. Since I0102 and I0115 are a-priori unknown,
the data are not sufficient to determine the inter-strand resis-
tances. Moreover, potentials V01 and V08 cannot be measured
accurately, because of voltage drop over current leads and
contacts. Nevertheless, from this set of potential values we
can determine the ratio between successive inter-strand
resistances. Since the current through R0203 and R0304 is the
same I0102, the ratio of voltage drops over the two resistors
equals their resistance ratio:

( )-
-

=
V V

V V

R

R
. 104 03

03 02

0304

0203

Repeating the experiment several times with successive wire
pairs 2&9; 3&10; K 7&14 used as current leads, yields the
other data in figure 4. In this way all resistance ratios
Ri,i+1/Ri-1,i can be determined. Also the ratio between any
pair of resistances is now known, e.g.:

( )/ / /= ´R R R R R R . 20405 0203 0405 0304 0304 0203

For the configuration with current leads 1&8, we can then
also determine the ratio of the currents I0102 and I0115:
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0102 1415 0203 1415 0708 1415

where, arbitrarily, R1415 is the reference resistor. With the
ratio I0102/I0115 worked out and the sum I0102+I0115=2 A
known, we can determine I0102 and I0115 separately, and
finally translate the measured voltage drops to resistances, e.g.
R0102=(V02− V01)/I0102. The inter-strand resistances thus
found are presented in section 3.1.

2.3. Measurement of AC loss

AC losses are measured with the samples in liquid helium
when exposed to a transverse alternating magnetic field and
using the boil-off based calorimetric method as well by

Figure 1. Cable III with a glass fiber insert in central channel and instrumentation wires soldered to all strands, insulated with an S2 glass
sleeve and impregnated with CTD-101K resin, Cable I and Cable II are prepared in the same way as Cable III.

Figure 2. Roebel cable geometry.

Table 2. Parameters of the EuCARD2 Roebel cables.

Description Symbol Value

Number of strands Ns 15
Strand thickness ts 0.1 mm
Cable thickness tc 0.8 mm
Insulation thickness ti 0.1 mm
ReBCO layer thickness tRe 1.0 μm
Copper plating thickness tCu 20 μm
Strand width ws 5.50 mm
Superconductor width wsc 5.48 mm
Cable width wc 12.0 mm
Cross-over width wb 5.5 mm
Channel width wg 1.0 mm
Cross-over angle Φ 30°
Transposition pitch Ltp 226 mm
Hole length lg 4.1 mm
Cross-over length lb 11 mm
ReBCO layer distance ds 0.11 mm
Inner radius rin 6.0 mm
Outer radius rout 0.0 mm
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measuring magnetization using the pick-up coils [14]. The
calorimetric loss data are absolute but less accurate, while the
magnetization data show a higher resolution, but require
calibration due to the uncertainty in the effective filling factor
of the pick-up coils. The calorimetric method is applied at
high loss for calibration purpose while the magnetization
method extends sensitivity to the low-loss regime.

AC loss results are presented in section 4. The volumetric
loss density per cycle Q is calculated using the standard
formula [11]:

∮ ( )m
a

= =M HQ d
f

V H

nA

1

2
, 40

0 0

with M and H the sample magnetization and applied field, f
frequency, H0 magnetic field amplitude, V0 amplitude of the
in-phase component of the compensated pick-up voltage, n
and A the number of turns and the area of the pick-up coil and
α the sample fill factor determined when calibrating with the
calorimetrically measured loss.

3. Inter-strand resistance, results and discussion

3.1. Measurement data

The inter-strand resistance per transposition length measured
on the Roebel Cable I, II and III are collected in figure 5 and
summarized in table 3. At 77 K, the resistance ranges from 3
to 16 μΩ, with standard deviation of 1–5 μΩ, depending on
the cable. At 4.2 K, the values are about 2 times lower, ran-
ging from 1.5 to 9 μΩ with standard deviation of 0.5–3 μΩ.
To check for parasitic contacts at the cable ends, possibly
caused by sample cutting, both ends of one sample were
polished and tested again. No significant resistance increases
were observed.

The resistance ratio of Ra between 77 and at 4.2 K is
about 2, see figure 6. A RRR value of 10 for the copper
stabilizer layer was found when extrapolating this temperature
dependence to room temperature using electrical resistivity
data of copper [15].

3.2. Inter-strand resistance components

To investigate the inter-strand resistance in detail, we need to
consider the current path in single components of the ReBCO
layer. Such a path between two tapes, points A and G, is
indicated in figure 7. The contact resistance can be expressed
as:

( )=
+

+ +
+ + +

R R R
1

. 5a

R R R R R

EF FG1 1

AB BC CD DE AE

Here RAE represents the direct path through the Hastelloy
substrate. Since the electrical resistivity of this metal is at least
two orders of magnitude higher than of silver and copper, RAE

will be much higher than of RAB, RBC, RCD and RDE together.
Equation (5) can then be simplified to:

( )= + + + + +R R R R R R R . 6a AB BC CD DE EF FG

RAB includes the interfacial contact resistance between the
superconductor and the silver cap layer RReBCO/Ag; the
resistance of the cap layer and the contact resistance between

Figure 3. Equivalent circuit of a 15-strand Roebel cable showing resistor sections, potential points and currents.

Figure 4. Inter-strand potential differences measured within one
transposition length of a 15-strand Roebel cable sample. The
symbols indicate different current leads used, e.g. strand-1 and
strand-8 used as current leads for the solid circles, strand-2 and
strand-9 used as current leads for the hollow circles.
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silver and copper stabilizer (RAg/Cu). RBC, RCD and RDE

are the resistances of the top, side and bottom sections of the
copper stabilizer of the top strand in figure 7. REF is the
interfacial contact resistance, copper to copper, between
the stabilizers of the top and the bottom strand. RFG, finally, is
the total resistance from the copper stabilizer of the strand
bottom to the ReBCO layer.

The current path A→B→C represents current transfer
from superconductor to normal metal [16–18]. In such a
configuration, the current density in the metal will increase
exponentially from the center of the tape to its edge. The

corresponding contact resistance between the ReBCO layer
and its silver layer is calculated following:

⎜ ⎟⎛
⎝

⎞
⎠ ( )/

l l
= = R

A

R

w l

w
anh

w
R cot . 7

sc

sc sc
ReBCO Ag

Here R given in Ωm2 is the surface resistance per unit area of
contact; A is the effective contact area; wsc and l the transverse
width and axial length of the superconducting layer, respec-
tively; λ the current transfer length. Limiting cases for
equation (7) can be written as:

( )/ l= R
R

w l
w, when , 8

sc
scReBCO Ag

( )/ 
l

l= R
R

l
w, when . 9scReBCO Ag

Figure 5. Inter-strand resistance at 4.2 and 77 K, normalized to one
transposition length.

Figure 6. Average Ra measured between neighboring strands.

Figure 7. Schematic of current path from one ReBCO strand to an
adjacent one in a transverse cross-sectional view. (a) Cross-sectional
view of two adjacent ReBCO strands, left side of the figure is a
symmetry plane; (b) equivalent circuit representing different
components in the coupling current path.
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Typical R values between ReBCO and Ag are in the
range of 1–100×10−14 Ωm2 at 4.2 K and 0.7–3.7×10−11

Ωm2 at 77 K [16, 19, 20]. The current transfer length λ can be
determined using the model by Lucas et al [21].

( )l
r

= R t
. 10

here t is the silver layer thickness of about 2 μm and ρ in Ωm
its resistivity. The resistivity of pure Ag is about 2 nΩm at
4.2 K and 2.5 nΩm at 77 K. This yields an estimated transfer
length λ of 3–30 μm at 4.2 K and 70–100 μm at 77 K. The
values are much smaller than the width of the super-
conducting layer wsc=ws–tcu, see table 2, which implies that
the current only leaves the ReBCO layer in a narrow region at
the edge of the tape with a width of 1–10 μm at 4.2 K or
10–100 μm at 77 K. Since λ= wsc, the contact resistance
RAB+RBC can be written as:

⎜ ⎟⎛
⎝

⎞
⎠ ( )

l l
r l

l
+ » + » R R

R

w l

w
anh

w

lt

R

l
cot , 11AB BC

sc

sc sc Cu

Cu

where rCu is the electrical resistivity of copper, which for an
RRR value of 10 is 1.5 nΩm at 4.2 K and 3.5 nΩm at 77 K
[15]; and tCu is the 20 μm thickness of the top copper stabi-
lizer of the strand.

The resistance of the downward current path of copper at
the side of the tape, RCD, is estimated as:

⁎
⁎

( )
r

=R
t

l t
, 12CD

Cu HTS

Cu

where tHTS is the HTS tape thickness without Cu stabilizer.
Next, the current has to flow back from the side towards

the center of the tape through the bottom copper layer stabi-
lizer of the top strand, and across the actual tape-to-tape
interface. This is a similar case as the one encountered at the
ReBCO-Ag interface described above: just how far the cur-
rent flows towards the center before crossing-over to the other
tape depends on the balance between the Cu stabilizer
resistance and the interface resistance. General expression (7)
then yields the total resistance of RDE and REF:

⎜ ⎟⎛
⎝

⎞
⎠ ( )

l l
+ = R R

R

w l

w
anh

w
cot . 13DE EF

tt

sc

sc sc,

Here R,,tt, denotes the surface resistance of the actual tape-to-
tape interface and λtt the corresponding transfer length. This
approximation equation (13) only holds for this metal-to-

metal case if resistance RFG is negligible, i.e. if the top Cu
stabilizer of the bottom tape can be considered in equipo-
tential with its underlying ReBCO layer.

To estimate the resistance RFG, we assume that the cur-
rent will flow straight down, which is the case if the transfer
length is much larger. Assuming λ is the same or larger than
wsc, the resistance can be worked out over an area of ws, that
is equal to the strand width, or wsc the width of the super-
conductor, and length l leading to:

⁎
⁎ ⁎

( )
r

= + R
t

l w

R

l w
. 14FG

s sc

Cu Cu

The validation of this assumption is given below, when
comparing our model to the measured data and extract R,,tt.
Finally, table 4 shows the estimated values according the
model for the various resistance components in the tape-to-
tape current path.

Adjacent tapes are in contact everywhere except in the
cross-over regions. Since tapes cross twice per transposition
length, and for a 15-strand cable it takes 1/15 of transposition
length before they cross, the axial length l over which adja-
cent tapes are in contact can be estimated straightforwardly to
be 13/15 of Ltp, i.e. 196 mm.

3.3. Discussion

Figure 3 shows that measured Ra values range from 2.9±
0.9 to 18.7±5.6 μΩ at 77 K and from 1.4±0.5 to 9.1±
3.4 μΩ at 4.2 K. With the estimates for the different resistance
components given in table 3 and the value of l, all but RDE

and REF are too low to contribute significantly to the inter-
strand resistance. In other words, we can conclude for the
calculated Ra:

⎛
⎝⎜

⎞
⎠⎟ ( )

l l
» + = R R R

R

l
anh

w
cot . 15a DE EF

tt

tt

sc

tt

,

At 77 K, we can derive that R,,tt is in the range 1–20 nΩm
2

and a ltt is 3.6–16.3 mm. This implies that λtt � wc so that our
earlier assumption holds and RFG is negligible. At 4.2 K, R,,tt is
0.5–10 nΩm2 corresponding to a λtt of 2.6–11mm.

Similar contact surface resistivity values at 77 K were
measured by Otten et al [5]. With a 5MPa light transverse
pressure, the value for SuperPower ReBCO tapes is between
7 and 20 nΩm2, and for a 10-strand bare Roebel cable
5–25 nΩm2. These coherent conclusions show that surface
resistivities can be calculated analytically with the new model
presented.

Table 4. Derived critical current densities of cable II.

μ0Hp(T) Jc(×1010 A m−2) Model
External field
direction

1 4.3 Ellipse H⊥

4.2 Rectangle
0.03 4.8 Ellipse/rec-

tangle/slab
H||

Table 3. Overview of estimated resistance components that
contribute to the inter-strand resistance.

Estimated value (nΩ)

Resistance component 77 K 4.2 K

RAB +RBC to
l l

100 300 to
l l

3 30

RCD l

10
l

4

RDE +REF ( )l l
 anhcot

R

l

wsc,tt

RFG to
l l

1 7 to
l l

0.007 0.2

RAE very high
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Note that the scatter in the Ra data for the nominally
identical cable samples I to III is significant, of the order of
∼30% between different strand pairs within on cable
(figure 5) and up to a factor ∼5 between Cables I and II
(figure 6). The resistance of the impregnated copper to copper
interface is determined by the effective contact area between
the tapes, which is likely to be affected by the roughness of
the tape surface, by the surface copper-oxidation level and by

random strand-misalignment and corresponding variations in
local applied transverse pressure during impregnation. It is
difficult to determine analytically what the effective contact
between the surfaces is and so its resistance.

4. AC loss results and discussion

The AC loss data of Cable II and Cable IV are presented in
figures. The losses shown in figures 8 and 9 were measured
with the transverse AC magnetic field applied perpendicular
and parallel to the wide face of the Roebel cables, respec-
tively. Figure 9 shows the AC loss of Cable II and Cable IV
as a function of magnetic field angle. The symbols in all
figures refer to measured data, the lines to analytical model
predictions.

Several important observations can be made when ana-
lyzing the measured amplitude-, frequency-, and angular
dependence in various magnetic field orientations as pre-
sented in the next three subsections. There after the hyster-
esis-, eddy current- and coupling loss of Roebel cable are
analyzed.

4.1. Measurement results in perpendicular transverse
magnetic field

From the measured amplitude dependence of the loss with the
AC field applied perpendicular to the cables’ wide face in
figure 8(a), we observe that the loss levels are quite similar in
both cables at 0.1 Hz and 4.2 K, especially at higher magnetic
field. Up to 0.5 T, the loss increases with the third power of
amplitude, following straightforward theoretical prediction
for hysteresis loss. The amplitude dependence of the loss in
Cable II measured at 0.01 and 0.1 Hz yields the same result
across the range investigated. The inter-strand coupling loss
expected from the measured inter-strand resistance following
equation (18), remains several orders of magnitude below the
measured loss.

We conclude that for both cable samples, hysteresis loss
is the dominant loss in perpendicular magnetic field
throughout the amplitude and frequency range investigated, in
agreement with earlier work [11].

Referring to the frequency dependence of the perpend-
icular field losses in figure 8(b), the loss in both cables does
not significantly vary with frequency in the amplitude range
20�μ0H0 �400 mT. This essentially confirms the obser-
vation drawn from figure 8(a). At 20 mT, the loss level in
Cable IV is ∼50% of the one of Cable II, while the loss in
both cables virtually coincide at 0.4 T. Whether or not this
observation is correlated to the different impregnation resins
remains to be confirmed.

The loss factor Γ, defined as
m

,Q

H2 0 0
2 of Cable II is shown

as function of magnetic field amplitude in figure 8(c). The
shape of the curve suggests a perpendicular penetration field
of about 1 T at 4.2 K.

Figure 8. AC loss of Cable II and Cable IV at 4.2 K in perpendicular
transverse magnetic field. (a) AC loss versus magnetic field
amplitude. Symbols represent measured data, lines represent
calculations of the hysteresis loss (solid line) and coupling loss
(dotted line), further discussed in section 4.4; (b) AC loss versus
magnetic field frequency; (c) loss factor Γ of Cable II shown versus
magnetic field amplitude.
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4.2. Measurement results in parallel transverse magnetic field

When the transverse AC magnetic field is applied parallel to
the wide face of the cable, but still perpendicular to its axis,
the two cables show quite a different loss behavior. With
reference to the magnetic field amplitude dependence shown
in figure 8(a), we observe that the loss in Cable II for fre-
quencies of 0.2, 0.5 and 1 Hz overlap and follow the hys-
teresis loss trend of increasing with the third power of
magnetic field amplitude. In Cable IV, on the other hand, the
loss at 0.5 Hz increases with the square of the magnetic field
amplitude. In the parallel configuration, the calculated cou-
pling loss of Cable II is more than 1 order less than measured

loss for the frequency range probed. The dominant loss
mechanism is thus hysteresis loss.

In figure 9(b), no frequency dependence is observed for
Cable II, confirming the dominance of hysteresis loss. Cable
IV, however, shows a weak frequency dependence for 0.02
and 0.40 T.

From figure 8(c), we conclude that transverse penetration
magnetic field of Cable II, when oriented parallel to the
cable’s wide face, is 30 mT at 4.2 K.

4.3. Magnetic field angular dependence

Figure 10 shows the angular dependence of the loss in the two
cables, measured at 4.2 K with a magnetic field amplitude of
20 mT and frequency of 1 Hz. The solid data symbols are
found by processing the voltages from the in- and out-of-
plane pickup coils separately following equation (4) and
taking the applied magnetic field component perpendicular to
the corresponding coil and α the fill factors determined from

Figure 9. AC loss for Cable II and Cable IV at 4.2 K in parallel
transverse magnetic field applied parallel to the tape’s wide face.
(a) AC loss versus magnetic field amplitude: measured values and
calculations. (b) AC loss versus magnetic field frequency. (c) Loss
factor Γ of Cable II versus field amplitude.

Figure 10. AC loss versus angle θ of applied magnetic field at
0.02 T, 1 Hz and 4.2 K. (a) Angular dependence for Cable II. Blue
and red-solid curves represent hysteresis loss calculations using the
‘rectangle model’ as explained in section 4.4. The olive-solid curve
is the total AC loss. (b)Angular dependence for Cable IV compared
to calculations. The blue-solid curve is the calculated hysteresis loss
following the ‘rectangle model’. The red dot-dash curve is the
coupling loss calculated with equation (18). The olive-solid curve is
the total AC loss found simply by adding calculated in-plane and
out-of-plane AC losses.
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the ‘pure’ perpendicular or in-plane loss measurements dis-
cussed above.

The orientation dependence of the loss in Cable II is
presented in figure 10(a). Since no coupling loss is observed
for θ=0° and 90°, we conclude that either parallel or
perpendicular hysteresis loss is dominant in the total AC loss
of the cable with a cross-over angle of about 45°. The data
follow reasonably well the model prediction by which the
sum is taken of the calculated hysteresis loss for perpend-
icular and parallel orientations using the penetration magnetic
fields found in figures 8(c) and 9(c). Still a significant dif-
ference is present between the calculated loss following the
rectangular hysteresis model and the measured loss for the in-
plane components.

The data for Cable IV in figure 10(b) illustrates that
parallel coupling loss is dominant when the angle with the
wide face of the cable is smaller than about 45°. Hysteresis
loss takes over when the magnetic field angle exceeds 45°.
The penetration magnetic fields used in the hysteresis model
is about 1.6 T, in agreement with similar cable samples
measured at the University of Southampton [22, 23]. By
comparing measured and calculated coupling losses in
figure 8(a) we find a contact resistance value of 55 nΩ fol-
lowing equation (18).

4.4. Discussion

The AC loss of ReBCO Roebel cables is a synergy of hys-
teresis loss, coupling loss and eddy current loss.

4.4.1. Hysteresis loss. Hysteresis loss in superconductors
with various cross-sectional shapes exposed to different
applied magnetic field directions is extensively presented in
literature [16, 24–29]. Here, three analytical models for
infinite long superconductors are considered: an ellipse model
developed by Ten Haken et al [24] for conductors with an
elliptical transverse cross-section; a rectangle model for strips
reported by Carr [25] and a slab model from Bean [26]. The
ellipse model and rectangle model are applied for cases of in-
plane or out-of-plane magnetic field with respect to the
cable’s broad face. The slab model is only suitable for the
case that applied magnetic field is parallel to the broad face.

All three models are based on the Critical State Model
[27]. For the ellipse model, the relation between magnetic
field and cable’s broad face is determined by the aspect ratio
β. In the case of Roebel cables, the aspect ratio value in
different magnetic field directions can be calculated as:
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where the details of symbols are presented in table 2. Here the
effective thickness of the ReBCO layers ( )+N t0.5 1s Re in
Roebel cable is used rather than of the single ReBCO layer,
when the magnetic field is perpendicular to the broad face of

cable. This is due to the magnetic coupling of the stacked
Roebel strands, as suggested by Grilli et al [30]. Thus seven
or eight ReBCO layers in a 15-strand Roebel cable contribute
to the effective thickness.

Due to the rounded edges of the ellipse, the magnetiza-
tion in the limit β=1 and β→∞ differs from the infinite
strip case.

Our set-up only allowed to determine the penetration
field of Cable II (≈1 T, figure 8(c), and 30 mT curve in
figure 9(c)). The perpendicular penetration field of Cable IV
was measured elsewhere too [22, 23] and 1.6 T was found.
From the measured penetration fields, the critical current
density Jc can be estimated using the three models, see
table 4. The ellipse model and rectangle model yield similar
values in perpendicular field, which also quite closely
corresponds to the Jc value derived from the parallel
penetration field for all three models.

Using the measured penetration fields and the cable
dimensions given in table 2, the hysteresis loss in the 15-
strand ReBCO Roebel cables can be calculated and the results
are presented in figures 8(a) and 11(a) as solid lines. In
perpendicular applied magnetic field, see figure 8(a), the
correspondence with the analytical models is rather poor. The
rectangle model approaches the measured data the closest, but
overestimates the loss by nearly a factor 10 since it doesn’t
account for the shielding effects that can be expected in these
relatively low fields [31]. In the parallel case of transverse
magnetic field, see figure 8(a), the three models correspond
well with the measured data. In the partial-penetration regime,
both experimental and calculated losses increase with the
cube of the magnetic field amplitude H0

3. The H0
4 dependence

predicted for low magnetic field by yet another model [29] is
not observed at all in our data set.

Considering the probed amplitude and frequency range,
the rectangle model corresponds closer to the measured cable
data than the elliptic one. For this reason, the calculated
curves describing the angular dependence of the losses in
figure 10 are generated applying the rectangle model, using

Figure 11. Cross-sectional views of the center section of Roebel
cables’ ends. (a) Cable II. (b) Cable IV. Note that the ReBCO layer
is facing downwards in both pictures.
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the measured penetration field of 1 T for Cable II and 1.6 T
reported in [22, 23], as well as the derived Jc-value
6.6×1010 Am−2 for Cable IV. To the best of our knowl-
edge, there is no analytical model available that can describe
the hysteresis loss in a superconductor with an aspect ratio
different from 1 as function of the magnetic field angle. Since
the measured data in figure 10 were obtained with separate in-
and out-of-plane coils, we can model the case by simply
taking the in-plane and out-of-plane components of the
applied magnetic field and inserting these for the amplitude
μ0H0 in the rectangle model. Remarkably, the results of such
analysis follow the measured data reasonably well, reprodu-
cing the parallel component of the magnetization quite closely
and the perpendicular one with the same deviation as the pure
perpendicular field case measurement results shown in
figure 8.

Note that this observation is not trivial, since the Critical
State Model is highly nonlinear and the field penetration
profile for intermediate angles can thus be expected not to
obey the simple superposition inherently assumed in our
model. Since this assumption does yield a reasonable
correspondence to the data, it can thus be used for making
a first straightforward estimate of the loss when for example
pre-designing a magnet.

4.4.2. Eddy current loss. Eddy current loss in ReBCO
Roebel cables is generated mainly in the copper stabilizer of
the strands also described by Lakshmi et al [32], and can be
estimated as:

( ) ( )å
p m

r
=Q H f

N H f

A
w t,

6
, 17eddy

s

Cu Cu m
m m0

2
0
2

0
2

3

where f is the frequency, Ns the number of strands, Acu the
cross-sectional area and ρcu the resistivity of the copper in the
strands, wm the width and tm the thickness of the copper layer
in the strands. Note that this estimate assumes full penetration
and hence high applied fields. At lower magnetic fields strong
shielding effects will occur in ReBCO Roebel cables [31, 33],
rendering eddy current loss in the copper stabilizer layers of
the strands even more negligible.

4.4.3. Coupling loss. The coupling loss can be calculated
using the measured inter-strand resistance Ra and from the
area A of the elementary inductive pick-up loop formed by
two coupled strands. The coupling loss can be expressed as:

( )
p m

=Q
H fnA

VR

2
, 18c

a

2
0
2

0
2 2

where V is the volume of the sample and n the number of
elementary loops present in the tested length [34].

The coupling current loop area A depends on the
magnetic field direction and can be derived from the cable
geometry. Some authors used the center-to-center spacing of
the strands in the cable to estimate the coupling loss in normal
magnetic field direction [35]. However, magnetization
currents mainly run along the edges of the zig-zag shaped
ReBCO layers and are relatively high in the cross-over

section as shown by Zermeno et al [36]. The the area of the
coupling current loop between adjacent strands is therefore
simply equal to:

( )=Â l w , 19g g

where lg and wg are length and width of the central gaps in-
between the crossing strands, as indicated in figure 2 and
given in table 2. Within one transposition length, there are
two of such coupling current loops between two adjacent
strands, so that the area value is multiplied by two.

When the applied magnetic field is parallel to the broad
face of the cable and perpendicular to its axis, we assumed the
coupling current flows along the broad surfaces of the
ReBCO layer and transfers to neighboring strand along the
whole transposition length. Consequently, the corresponding
area is estimated as:

( ) ⁎ ( )∣∣ = -A L l d2 , 20tp g s

with ds illustrated in figure 2. The value of ds can be
approximated as 2tc/Ns, where tc is the thickness of the cable
and Ns the number of strands.

The thus estimated coupling current loop areas and
number of inductive loops are summarized in table 5.

Using the loop areas and average measured Ra value
reported in section 3.1, the coupling loss in Cable II can be
calculated. The results are included in figure 8 and in figure 9
as dashed–dotted lines yielding for all investigated ampli-
tudes, frequencies and magnetic field orientation, loss values
that are several orders of magnitude lower than the measured
loss. This simple model thus confirms the dominance of
hysteresis loss in Cable II.

Also in terms of the field quality of Roebel-cable wound
magnets, field errors due to cable hysteresis are likely to be
the main concern. A simple back-of-the-envelope calculation
using the parameters in table 5 indicates that even at field
ramp rates of 1 T s−1, inter-strand coupling current densities
will remain below 5×103 Am−2 in perpendicular field and
below 3×104 A m−2 in parallel field, i.e. well below the
current density in the strands (table 4). Proper magnet design
will of course require confirmation of this conclusion with
more sophisticated modeling, but these numbers indicate that
the dynamic field quality of magnets wound from adequately
impregnated Roebel cables is unlikely to be a major issue.

For Cable IV, a clear signature of coupling loss is
observed in the parallel case of transverse magnetic field.
Unfortunately, the inter-strand resistance Ra of this Cable IV
was not measured, but it can be estimated at some 50 nΩ
using coupling loss equation (18) and loss data presented in
figure 9. It is noted that this is two orders of magnitude lower
than the measured Ra values would yield for Cable II. In the

Table 5. Parameters used in coupling model calculation.

Unit Value n

A⊥ mm2 4.1 2*Ns

A|| mm2 24.0 Ns

Ra of Cable II μΩ 1.4 —
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cross-sectional views of the cables in figure 11, no voids in
the resin are present for Cable II, while the central channel of
Cable IV does not contain resin. The relative low contact
resistance in Cable IV needs to be investigated more, but may
well be caused by imperfect impregnation, which would lead
to more direct tape-to-tape contacts.

5. Conclusion

Application of ReBCO Roebel cable in magnets require
characterization of various cables and their processing
methods to arrive at high performance coil windings. More-
over, for enabling accurate ReBCO Roebel cable simulation
needed for the design of 20+tesla class superconducting
magnets, in particular accelerator type magnets, accurate
model input is essential. For this reason, the experimental data
base has to be extended since the volume of data is quite
limited.

Novel resin-filler impregnated ReBCO Roebel cables
were characterized in terms of inter-strand contact resistance
and AC loss. The inter-strand resistance values within one
transposition pitch of three cables tested at 77 K, range from 3
to 18 μΩ and the derived mean contact surface resistance is in
the range 1–20 nΩm2. The inter-strand resistance decreases
on cooling down and at 4.2 K is in the range of 1–10 μΩ,
leading to a surface resistance 0.5–10 nΩm2. Variations in
inter-strand resistance values per cable are within 30% and
may be caused by variations in strand alignment. The varia-
tion in average inter-strand resistance for samples of three
cables is within a factor 6. Analysis of the several contribu-
tions to the intra-strand contributions determining the overall
inter-strand contact resistance clearly indicate the dominant
contribution of the copper-to-copper surface resistance.

AC losses at 4.2 K in impregnated Roebel cables were
measured calorimetrically and inductively with alternating
magnetic field applied either perpendicular or parallel to the
wide face of the cable. In perpendicular field, both amplitude-
and frequency dependence of the two cable types show that
their loss is dominated by hysteresis. The same is true for the
loss in one cable, Cable II, in parallel field, while Cable IV
shows different behavior. In parallel field, the hysteresis loss
of Cable II is well described by the infinite slab model. In
perpendicular field, however, the closest matching analytical
model—the rectangular strip—overestimates the loss by a
factor 10.

Calculation of the coupling loss in this Cable II, based on
the measured inter-strand contact resistance, confirms that
hysteresis loss is dominant for all orientations of magnetic
field. Although the inter-strand contact resistance of Cable IV
was not measured directly, the observed coupling loss in this
cable in parallel magnetic field remarkably shows that is two
orders of magnitude lower than in Cable II, possibly due to
incomplete impregnation.

Magnetization loss in both cable types were also mea-
sured as a function of applied magnetic field angle, using an
orthogonal set of pick-up coils to record the in-plane and
normal components of the magnetization. Somewhat

surprisingly, the loss at intermediate magnetic field angles can
be predicted quite well by considering the perpendicular and
parallel components of the applied magnetic field separately
and taking the sum of the corresponding losses.

The inter-strand resistance and magnetization loss
experimental results can be applied as input for advanced
electrical cable network simulation models such as the one by
Van Nugteren et al [11], for calculating for example the
dynamic magnetic field quality, thermal stability and normal
zone propagation of ReBCO Roebel cables.
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