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TABLE I
PRINCIPAL PARAMETER OF THE MAGNET @ NOMINAL/ULTIMATE OPERATION

II. COMPARISON BETWEEN TDR AND REVIEW

CONFIGURATIONS

The TDR design featured a detachable titanium pole, a SS
pad, consisting of two pieces separated by a vertical gap of 0.5
mm, holes in the pad and in the iron yoke to host the tie-rods. On
the other side, the review design features a pole that is integrated
with the aluminum pad and, for this reason, it is divided in two
pieces with an optimized gap in correspondence of the midplane.
Another difference between the pads of the two configurations
is their dimension: in the review design it has been thinned (the
thickness in correspondence of the midplane goes from 25.5 mm
in the TDR, to 9.6 mm in the review), so as to bring the iron closer
to the coil. This choice has been made to reduce the current, the
peak field and the Lorentz forces, enhancing the margin on the
load-line. Going from the TDR to the review design, it has been
decided to make a straight loading plane between the pole and
the coil by adding a copper wedge at the end of the second layer,
to avoid an accumulation of stress in correspondence of the pole
sharp edge and to improve the pressure distribution between
the two surfaces. By softening the pad (both by thinning it and
changing its material) and bringing the interference keys closer
to the coil, the supply of the preload has been made easier and
more direct; this allowed to reduce both the interference of the
keys and the thickness of the outer aluminum shell. The most
relevant dimensions of the two models are reported in Fig. 1,
for the TDR configuration, and in Fig. 2, for the review one.
Notice, while the TDR configuration included a 3D mechanical
analysis, for which the cross-section also included the holes, the
review configuration is at an early stage of design and so the
holes for the longitudinal pre-loading system will be studied in
future developments.

III. ANSYS MECHANICAL MODEL

The 2D finite element analyses have been performed us-
ing the ANSYS code [19] (release 2020 R2). The adopted
element is PLANE183, in plane stress configuration. All the
sliding parts have been modeled using the CONTA172 and the
TARGE169 elements (µr = 0.2). The choice of making one by
one trapezoidal cables is conservative. By modelling the coils
as blocks you implicitly mediates the stress with the possibility
of losing information on the peaks. Moreover, by this way, the

Fig. 1. Cross-section of the mechanical model of the TDR.

Fig. 2. Cross-section of the mechanical model of the review.
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The next generation of Accelerator Magnets are targeting 16 T based on 

Nb3Sn cables.  They need Jc up to 1500 A/mm2 @ 16 T, 4.2 K

FALCOND strand: RRP Ti-doped (162/169)

Diameter [mm] 1.0

Cu/non-Cu 0.9 ± 0.2

Ic at 4.22 K, 16 T [A]* 560 ± 14

dsub-el (nom.) [μm] 58

Filament twist pitch [mm] 19 ± 3

RRR, rolled 159± 14

Heat treatment [°C] 665 *!! = 1355 &/((" (@16T, 4.2K)

EUROCIRCOL -> FALCOND model: the first cos!
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The ASTRACT project
A multidisciplinary approach to investigate the critical current degradation due to transverse strain in Nb3Sn strands. 

The first part: pre-HT lamination from 0 to 25% then
measuring Ic by V-I (VAMAS) and m(B) VSM

The second part: measuring )! *, ,, -# in a 
controlled transverse strain condition at 4.2 K from 
11 to 13 T

We expect -# in the range 0 to -0.75%, i.e. 7.5 .(/((

Considering Estrand = 80 GPa; Fmax = 30 kN; S = 50 mm2

STRAND
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Analysis of Temperature Uniformity During Heat
Treatment of Nb3Sn Coils for the High-Luminosity

LHC Superconducting Magnets
F. Lackner, N. Bourcey, P. Ferracin, P. Jozwiak, T. Ohnweiler, P. Revilak, F. Savary, and S. Triquet

Abstract—The High-Luminosity upgrade of the Large Hadron
Collider at CERN comprises the implementation of a new genera-
tion of high-field superconducting quadrupole and dipole magnets.
The dipole fields of up to 12.1 T at nominal current require the
use of high-critical-current Nb3Sn strand for the fabrication of the
coils. These coils will be up to 8 m long and represent the longest
Nb3Sn coils so far fabricated for operation accelerator magnets.
This brittle A15 phase material requires coil winding prior for-
mation of the superconducting material. The development pro-
gram at CERN includes the construction of 2-m-long models
and full-length prototypes by the wind-and-react technique. The
process time and temperature uniformity are stringent during heat
treatment and performed inside an EN 1.4841 (AISI Type 314)
stainless-steel retort furnace with turbulent flow of Ar atmosphere.
During the process, the coil is supported inside a reaction fixture
made from 316LN. This paper presents temperature uniformity
measurements and results from numerical simulations. The goal is
to further improve the heat transfer in combination with turbulent
flow generated by a ventilation system. This allows optimizing
control parameters for improved heat performance during both
the ramping and the dwell time.

Index Terms—LHC upgrade, Nb3Sn magnet, reaction heat
treatment, superconducting accelerator magnets.

I. INTRODUCTION

THE High Luminosity LHC upgrades target is to increase
the integrated luminosity by a factor 10, resulting in an

integrated luminosity of 3000 fb−1. Several modifications on
the existing superconducting magnets will allow reaching this
target. One major improvement foreseen is the reduction of the
beam size at the collision points. This requires the develop-
ment of 150 mm single aperture quadrupoles in the interaction
regions. These quadrupoles are under development in a joint
collaboration between CERN and the US-LHC Accelerator
Research Program (LARP). The chosen approach for achieving
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Fig. 1. Typical heat treatment cycle for the reaction of Nb3Sn superconductor.

a nominal quadrupole field gradient of 132.6 T/m is based on
the Nb3Sn technology [1]–[4]. Another upgrade concerns the
installation of additional collimators to protect some supercon-
ducting magnets. The required space for the implementation of
these collimators can be achieved by replacing existing 15 m
long LHC dipole magnets with magnets of increased magnetic
field and reduced length. The development of these magnets
was launched in the beginning of 2010 in the framework of a
collaboration between the magnet groups of the US laboratory
FNAL and CERN [5]. The aim of this program is the devel-
opment and construction of a 5.5 m long two-in-one aperture
dipole prototype magnet. The chosen technology for achieving
the required dipole field of 11 T is also based on the Nb3Sn
superconductor [5], [6].

In 2010 CERN has launched the procurement of industrial
furnaces to perform the in-house Reaction Heat Treatment
(RHT) of wound Nb3Sn coils fabricated according to the “wind
and react” technology. These coils made from Rutherford type
cable are based on strands that are produced by the Restack Rod
Process (RRP) strands from Oxford Superconducting Technol-
ogy (OST) and Powder in Tube (PIT) technology from the
company Bruker. A typical RHT cycle to form superconduct-
ing Nb3Sn is shown in Fig. 1 and can vary depending on
requirements of the conductor performance. In order to avoid
any degradation during the phase formation the temperature
homogeneity is required to be better than ±3 ◦C in the Reaction
Fixture (RF) and on all isothermal plateaus [7]–[10]. The cross-
section of a RF is shown in Fig. 2 [5]. The RF is made from
stainless steel AISI type 316LN and assembled from form
blocks on a solid base plate and hermetically sealed with a sheet
of mica. The geometry and a linear mass of up to 300 kg/m are
required to provide a rigid cavity throughout the RHT process.

1051-8223 © 2016 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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We rolled 2 meter long strand up to 25% preparing VAMAS and VSM samples for the HT (CNR/SPIN)

VAMAS measured at LASA: 11 – 13 T @ 4.2K; VSM samples measured at ENEA VSM 18T @ 4.2 K

What we try to understand:
A. Is there critical current degradation due to rolling?
B. Is there any effects due to shape changing of the sub-elements section?
C. Can we compare direct critical current measurements to critical current 

from magnetization curves?

We collected around ten SEM images for any kind of lamination:



Ic: VAMAS vs m(B)
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1 – The Baumgartner’s model
• Bean model, Jc constant over the sample
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Evaluation of the Critical Current Density of
Multifilamentary Wires From

Magnetization Measurements
T. Baumgartner, M. Eisterer, H. W. Weber, R. Flükiger, B. Bordini, L. Bottura, and C. Scheuerlein

Abstract—A simple model for evaluating the critical current
density of multifilamentary wires from magnetization
measurements was examined. This model assumes that each
sub-element is in good approximation a superconducting hollow
cylinder, which limits its validity to powder-in-tube wires and
wires whose filaments are completely merged within the sub-ele-
ments. The magnetic moment of short samples of four wire types
was measured in a SQUID magnetometer at applied fields of up to
7 T in the temperature range from 4.2 to 15 K. The evaluation
model discussed in this work was used to obtain critical current
densities from the results of these measurements. The calculated
values were compared to transport measurement results, and

satisfactory agreement was found between the two data sets.
Furthermore, it was shown by means of magnetization measure-
ments of individual sub-elements that the coupling between the
sub-elements in the wire samples has a negligible effect on such
measurements.

Index Terms—Critical current density, magnetization, multifila-
mentary wire, , sub-elements.

I. INTRODUCTION

E VALUATING the critical current density of a supercon-
ductor by means of magnetization measurements requires

the knowledge of the relationship between and the magnetic
moment of the sample. In general, the magnetic moment of a
current distribution is given by

(1)

Assuming that a type-II superconductor is fully penetrated and
that is constant throughout the entire sample volume (Bean
model, see [1]), the current density inside the superconductor
can be written as

(2)

where is the local direction of the current. In this case (1)
becomes

(3)
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which means that the magnetic moment of the superconductor
is proportional to its critical current density, and that the pro-
portionality factor is determined by the sample geometry and
the magnetization history.

II. MAGNETIC MOMENT AND CRITICAL CURRENT DENSITY OF
A MULTIFILAMENTARY WIRE

In the production of certain types of multifilamentary
wires up to several hundred filaments are bundled into so-called
sub-elements. During the heat treatment, which is required to
form the A15 phase, the filaments within each sub-element
merge, effectively forming a superconducting tube. A similar
stucture results from the powder-in-tube process which starts
with a tubular geometry to begin with. In either case the mul-
tifilamentary wire consists of several (usually twisted) hollow
sub-elements, which means that the basic superconductor
geometry is a helical tube.
In order to evaluate the field dependence of for the ap-

plication of interest, the magnetic field is applied perpendicular
to the wire. The critical state of a helical tube oriented perpen-
dicular to the applied field is not obvious and its calculation is
rather complex. Therefore, it is practical to assume a similar ge-
ometry which simplifies the calculation of the proportionality
factor, i.e.\ parallel hollow cylinders. This approximation should
be valid, if the twist pitch length is much greater than the wire
diameter, and if the sub-element cross section does not differ
significantly from a circular geometry.
The magnetic moment of a hollow superconducting cylinder

in a magnetic field (parallel to the -axis) which is perpendicular
to the cylinder axis ( -axis) can be calculated by integrating the
contributions of current loops with infinitesimal cross sections.
Assuming that the current flows in planes perpendicular to the
applied field, these current loops are flat, and the magnetic mo-
ment of such a loop is given by

(4)

where is the cross section, is the area spanned by the loop,
and is the unit vector in -direction. Using cylindrical coor-
dinates, the cross section and the area of a loop can be written
as follows:

(5)
(6)

is the length of the current loop in -direction. In case the
length of the cylinder is much greater than its diameter, can be
set equal to the sample length for all infinitesimal current loops

1051-8223/$26.00 © 2011 IEEE
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and assuming no coupling between sub-elements in a strand:
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without introducing a significant error. Using these expressions,
(4) becomes

(7)

Integrating this infinitesimal magnetic moment over the volume
of the hollow cylinder yields

(8)

where and are the inner and the outer radius of the hollow
cylinder, and the prefactor 2 takes into account that integrating
over from 0 to includes only current loops above the
-plane. Obviously the fact that the superconductor is hollow

must affect the shape of the current loops. Assuming that this
effect is localized near the ends of the hollow cylinder (bending
of current paths which would otherwise intersect the hole), ex-
pression (8) should be valid if the length of the hollow cylinder
is much greater than its inner diameter.
Assuming that the coupling between the sub-elements in a

straight sample of a multifilamentary wire is negligible (see
Section IV-B), its magnetic moment can be calculated by mul-
tiplying the moment of one hollow cylinder by the number of
sub-elements . Solving the resulting expression for yields

(9)

where is the irreversible magnetic moment of the sample,
measured parallel to a magnetic field applied perpendicular to
the wire. In [2] an equivalent expression was used to assess the
effective sub-element size of a powder-in-tube wire by
measuring the magnetization and determining in transport
measurements. An alternative derivation of the relationship be-
tween the critical current density and the magnetization of a
hollow cylinder can be found in [3].

III. SAMPLE TYPES AND EXPERIMENTAL SETUP

Four types of state-of-the-art multifilamentary wires
(see Table I) were subjected to magnetization measurements.
Short samples (approximately 4 mm) were cut from the wires
with a diamond saw, mounted on a silica glass sample holder,
and inserted into a SQUID magnetometer. The magnetic mo-
ment of the samples was measured as a function of the magnetic
field applied perpendicular to the wire. The maximum field of
the SQUID magnetometer was 7 T, and the measurements were
performed at different temperatures ranging from 4.2 to 15 K.
The expression was used to obtain the ir-
reversible magnetic moment of the sample from the magnetiza-
tion loop, where is the difference between the magnetic
moments measured during decreasing and during increasing ap-
plied field (see Fig. 1). The irreversible moment was not evalu-
ated at low fields (incomplete penetration and flux jumps) and
at fields above 6.4 T (reversal of the magnetization profile).

TABLE I
EXAMINED TYPES OF MULTIFILAMENTARY WIRES

Fig. 1. The difference between the upper and the lower branch of the curve was
used to obtain the irreversible magnetic moment.

Fig. 2. SEM image of an RRP-Ti sub-element. The effective inner and outer
diameters were determined by pixel counting.

IV. RESULTS AND DISCUSSION

A. Critical Current Density

Equation (9) was used to obtain the critical current densi-
ties from themagnetization measurements described above. The
outer and inner sub-element radii were determined from elec-
tron microscope images or from a light micrograph in the case
of the BIN wire by counting pixels of similar brightness (see
Fig. 2). The critical current density within the sub-elements of
the RRP-Ta samples as a function of the magnetic field applied
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without introducing a significant error. Using these expressions,
(4) becomes

(7)

Integrating this infinitesimal magnetic moment over the volume
of the hollow cylinder yields

(8)

where and are the inner and the outer radius of the hollow
cylinder, and the prefactor 2 takes into account that integrating
over from 0 to includes only current loops above the
-plane. Obviously the fact that the superconductor is hollow

must affect the shape of the current loops. Assuming that this
effect is localized near the ends of the hollow cylinder (bending
of current paths which would otherwise intersect the hole), ex-
pression (8) should be valid if the length of the hollow cylinder
is much greater than its inner diameter.
Assuming that the coupling between the sub-elements in a

straight sample of a multifilamentary wire is negligible (see
Section IV-B), its magnetic moment can be calculated by mul-
tiplying the moment of one hollow cylinder by the number of
sub-elements . Solving the resulting expression for yields

(9)
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tion loop, where is the difference between the magnetic
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of the BIN wire by counting pixels of similar brightness (see
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Magnetization Measurements
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Abstract—A simple model for evaluating the critical current
density of multifilamentary wires from magnetization
measurements was examined. This model assumes that each
sub-element is in good approximation a superconducting hollow
cylinder, which limits its validity to powder-in-tube wires and
wires whose filaments are completely merged within the sub-ele-
ments. The magnetic moment of short samples of four wire types
was measured in a SQUID magnetometer at applied fields of up to
7 T in the temperature range from 4.2 to 15 K. The evaluation
model discussed in this work was used to obtain critical current
densities from the results of these measurements. The calculated
values were compared to transport measurement results, and

satisfactory agreement was found between the two data sets.
Furthermore, it was shown by means of magnetization measure-
ments of individual sub-elements that the coupling between the
sub-elements in the wire samples has a negligible effect on such
measurements.

Index Terms—Critical current density, magnetization, multifila-
mentary wire, , sub-elements.

I. INTRODUCTION

E VALUATING the critical current density of a supercon-
ductor by means of magnetization measurements requires

the knowledge of the relationship between and the magnetic
moment of the sample. In general, the magnetic moment of a
current distribution is given by

(1)

Assuming that a type-II superconductor is fully penetrated and
that is constant throughout the entire sample volume (Bean
model, see [1]), the current density inside the superconductor
can be written as

(2)

where is the local direction of the current. In this case (1)
becomes

(3)
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which means that the magnetic moment of the superconductor
is proportional to its critical current density, and that the pro-
portionality factor is determined by the sample geometry and
the magnetization history.

II. MAGNETIC MOMENT AND CRITICAL CURRENT DENSITY OF
A MULTIFILAMENTARY WIRE

In the production of certain types of multifilamentary
wires up to several hundred filaments are bundled into so-called
sub-elements. During the heat treatment, which is required to
form the A15 phase, the filaments within each sub-element
merge, effectively forming a superconducting tube. A similar
stucture results from the powder-in-tube process which starts
with a tubular geometry to begin with. In either case the mul-
tifilamentary wire consists of several (usually twisted) hollow
sub-elements, which means that the basic superconductor
geometry is a helical tube.
In order to evaluate the field dependence of for the ap-

plication of interest, the magnetic field is applied perpendicular
to the wire. The critical state of a helical tube oriented perpen-
dicular to the applied field is not obvious and its calculation is
rather complex. Therefore, it is practical to assume a similar ge-
ometry which simplifies the calculation of the proportionality
factor, i.e.\ parallel hollow cylinders. This approximation should
be valid, if the twist pitch length is much greater than the wire
diameter, and if the sub-element cross section does not differ
significantly from a circular geometry.
The magnetic moment of a hollow superconducting cylinder

in a magnetic field (parallel to the -axis) which is perpendicular
to the cylinder axis ( -axis) can be calculated by integrating the
contributions of current loops with infinitesimal cross sections.
Assuming that the current flows in planes perpendicular to the
applied field, these current loops are flat, and the magnetic mo-
ment of such a loop is given by

(4)

where is the cross section, is the area spanned by the loop,
and is the unit vector in -direction. Using cylindrical coor-
dinates, the cross section and the area of a loop can be written
as follows:

(5)
(6)

is the length of the current loop in -direction. In case the
length of the cylinder is much greater than its diameter, can be
set equal to the sample length for all infinitesimal current loops
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without introducing a significant error. Using these expressions,
(4) becomes

(7)

Integrating this infinitesimal magnetic moment over the volume
of the hollow cylinder yields

(8)

where and are the inner and the outer radius of the hollow
cylinder, and the prefactor 2 takes into account that integrating
over from 0 to includes only current loops above the
-plane. Obviously the fact that the superconductor is hollow

must affect the shape of the current loops. Assuming that this
effect is localized near the ends of the hollow cylinder (bending
of current paths which would otherwise intersect the hole), ex-
pression (8) should be valid if the length of the hollow cylinder
is much greater than its inner diameter.
Assuming that the coupling between the sub-elements in a

straight sample of a multifilamentary wire is negligible (see
Section IV-B), its magnetic moment can be calculated by mul-
tiplying the moment of one hollow cylinder by the number of
sub-elements . Solving the resulting expression for yields

(9)

where is the irreversible magnetic moment of the sample,
measured parallel to a magnetic field applied perpendicular to
the wire. In [2] an equivalent expression was used to assess the
effective sub-element size of a powder-in-tube wire by
measuring the magnetization and determining in transport
measurements. An alternative derivation of the relationship be-
tween the critical current density and the magnetization of a
hollow cylinder can be found in [3].

III. SAMPLE TYPES AND EXPERIMENTAL SETUP

Four types of state-of-the-art multifilamentary wires
(see Table I) were subjected to magnetization measurements.
Short samples (approximately 4 mm) were cut from the wires
with a diamond saw, mounted on a silica glass sample holder,
and inserted into a SQUID magnetometer. The magnetic mo-
ment of the samples was measured as a function of the magnetic
field applied perpendicular to the wire. The maximum field of
the SQUID magnetometer was 7 T, and the measurements were
performed at different temperatures ranging from 4.2 to 15 K.
The expression was used to obtain the ir-
reversible magnetic moment of the sample from the magnetiza-
tion loop, where is the difference between the magnetic
moments measured during decreasing and during increasing ap-
plied field (see Fig. 1). The irreversible moment was not evalu-
ated at low fields (incomplete penetration and flux jumps) and
at fields above 6.4 T (reversal of the magnetization profile).

TABLE I
EXAMINED TYPES OF MULTIFILAMENTARY WIRES

Fig. 1. The difference between the upper and the lower branch of the curve was
used to obtain the irreversible magnetic moment.

Fig. 2. SEM image of an RRP-Ti sub-element. The effective inner and outer
diameters were determined by pixel counting.

IV. RESULTS AND DISCUSSION

A. Critical Current Density

Equation (9) was used to obtain the critical current densi-
ties from themagnetization measurements described above. The
outer and inner sub-element radii were determined from elec-
tron microscope images or from a light micrograph in the case
of the BIN wire by counting pixels of similar brightness (see
Fig. 2). The critical current density within the sub-elements of
the RRP-Ta samples as a function of the magnetic field applied
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Fig. 3. Comparison of critical currents obtained from the evaluation of magnetization results with transport measurement data for all examined types of

wires: (a) RRP-Ta, (b) PIT, (c) RRP-Ti, (d) BIN.

perpendicular to the wire is shown in Fig. 4 for different temper-

atures ranging from 4.2 to 15 K. Each data point was calculated

by averaging over at least two and at most five samples (not all
samples were measured at all temperatures).

The evaluation results of magnetization measurements

performed at 4.2 K were compared data obtained from transport

critical current measurements. For that purpose the expression

(10)

was fitted to the volume pinning force obtained from

the magnetization data. Due to the limited field range, the pin-
ning force could be determined only up to a point barely be-

yond its peak. Using the high field exponent as a free fit pa-
rameter would consequently result in considerable uncertain-

ties. Therefore, the exponents were kept constant during the fit
, and only the upper critical field and a

constant were used as free parameters.

Critical current curves were obtained from the fit results by
multiplying by the combined cross section of all sub-

elements in the respective sample type. A comparison of the

extrapolated fit with self-field corrected critical current values
obtained from transport measurements is shown in Fig. 3 for all

examinedwire types. The fit parameters as well as themaximum
deviations between the fits and the transport results are listed in
Table II.

The simplification of the superconductor geometry assumed
in the evaluation model as well as inaccurate values of the

Fig. 4. Critical current density within the sub-elements of RRP-Ta samples at

different temperatures, obtained from magnetization measurements.

TABLE II

FIT PARAMETERS AND MAXIMUM DEVIATIONS BETWEEN FIT CURVES AND

RESULTS OF TRANSPORT MEASUREMENTS

effective sub-element radii are expected to result in deviations

in the form of a constant factor. Indeed the deviations listed in
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2 – Shape factor numerical calculation
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Abstract—A simple model for evaluating the critical current
density of multifilamentary wires from magnetization
measurements was examined. This model assumes that each
sub-element is in good approximation a superconducting hollow
cylinder, which limits its validity to powder-in-tube wires and
wires whose filaments are completely merged within the sub-ele-
ments. The magnetic moment of short samples of four wire types
was measured in a SQUID magnetometer at applied fields of up to
7 T in the temperature range from 4.2 to 15 K. The evaluation
model discussed in this work was used to obtain critical current
densities from the results of these measurements. The calculated
values were compared to transport measurement results, and

satisfactory agreement was found between the two data sets.
Furthermore, it was shown by means of magnetization measure-
ments of individual sub-elements that the coupling between the
sub-elements in the wire samples has a negligible effect on such
measurements.

Index Terms—Critical current density, magnetization, multifila-
mentary wire, , sub-elements.

I. INTRODUCTION

E VALUATING the critical current density of a supercon-
ductor by means of magnetization measurements requires

the knowledge of the relationship between and the magnetic
moment of the sample. In general, the magnetic moment of a
current distribution is given by

(1)

Assuming that a type-II superconductor is fully penetrated and
that is constant throughout the entire sample volume (Bean
model, see [1]), the current density inside the superconductor
can be written as

(2)

where is the local direction of the current. In this case (1)
becomes

(3)
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which means that the magnetic moment of the superconductor
is proportional to its critical current density, and that the pro-
portionality factor is determined by the sample geometry and
the magnetization history.

II. MAGNETIC MOMENT AND CRITICAL CURRENT DENSITY OF
A MULTIFILAMENTARY WIRE

In the production of certain types of multifilamentary
wires up to several hundred filaments are bundled into so-called
sub-elements. During the heat treatment, which is required to
form the A15 phase, the filaments within each sub-element
merge, effectively forming a superconducting tube. A similar
stucture results from the powder-in-tube process which starts
with a tubular geometry to begin with. In either case the mul-
tifilamentary wire consists of several (usually twisted) hollow
sub-elements, which means that the basic superconductor
geometry is a helical tube.
In order to evaluate the field dependence of for the ap-

plication of interest, the magnetic field is applied perpendicular
to the wire. The critical state of a helical tube oriented perpen-
dicular to the applied field is not obvious and its calculation is
rather complex. Therefore, it is practical to assume a similar ge-
ometry which simplifies the calculation of the proportionality
factor, i.e.\ parallel hollow cylinders. This approximation should
be valid, if the twist pitch length is much greater than the wire
diameter, and if the sub-element cross section does not differ
significantly from a circular geometry.
The magnetic moment of a hollow superconducting cylinder

in a magnetic field (parallel to the -axis) which is perpendicular
to the cylinder axis ( -axis) can be calculated by integrating the
contributions of current loops with infinitesimal cross sections.
Assuming that the current flows in planes perpendicular to the
applied field, these current loops are flat, and the magnetic mo-
ment of such a loop is given by

(4)

where is the cross section, is the area spanned by the loop,
and is the unit vector in -direction. Using cylindrical coor-
dinates, the cross section and the area of a loop can be written
as follows:

(5)
(6)

is the length of the current loop in -direction. In case the
length of the cylinder is much greater than its diameter, can be
set equal to the sample length for all infinitesimal current loops
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Perfect bundle f (m3) F from ANSYS code (m3) |f � F |/f
Circular f = 4/3(R3

o �R3
i ) 2.680311467 10�14 2.680178946 10�14 50 10�6

Elliptic f = 4/3(aob2o � aib2i ) 2.46455893 10�14 2.464592266 10�14 14 10�6

Table 2. The shape factor evaluation for perfect bundles: theoretical value f vs numerical value F. Ro = 29.6µm; Ri = 18µm;
bo = Ro; bi = Ri; ao = 26.2µm; ai = 13.8µm

• ILc means the transport critical current measured
with the VAMAS technique. In case of the F-
model the VAMAS data are self-field corrected
and also scaled to EV SM

c criteria, eq. 12. In case
of the f-model the VAMAS data are just self-field

corrected. We also introduce the f⇤�model equal
to the f-model but including the scaling procedure.
By this way we can compare our method to the
results showed in [1].

• IV SM ;L
c denotes the critical current extracted from
magnetization curve using eq. 7

2.4.3. Statistical considerations The self-field correc-
tions and the scaling procedure of the VAMAS data
are necessary steps to compare transport and magneti-
zation critical currents. Nevertheless we need a quan-
titative way to measure their compatibility. At this
purpose we assume ILc as best estimator and suppose
the VSM IV SM ;L

c to be a Gaussian observable centred
in ILc , with standard deviation �IV SM ;L

c estimated by
the propagation errors

�IV SM ;L
c
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�l
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◆2

+
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+

�SSC
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(14)
The relative error in mirr is about 1%; �l/l

is variable from 0.1% to 2%; �F/F and �SSC/SSC

are showed in table 3, they cannot be considered
independent quantity since are derived from the same
SEM image analysis, so in eq. 14 we consider them as
systematic errors.

Our statistical approach is based on the parameter
t, measuring the discrepancy respect to the standard
deviation at a single B field value

tL(B) =
|IV SM ;L

c (B)� ILc (B)|
�IV SM ;L

c

(15)

Since VAMAS measurements correspond to a set
of points (B, ILc (B)), to study how the compatibility
between IV SM ;L

c and ILc is spread out over the entire
set of points, i.e. for a given L value, we look at average
of t and its standard deviation. From a global point of
view to claim compatibility we require the conditions

t̄L < 2.0 and �tL < 1.0 (16)

We look also at the mean relative deviation, i.e.
the average along the B field values of the quantity

rel.devL =
|IV SM ;L

c (B)� ILc (B)|
ILc (B)

(17)

3. Results and discussion

In table 4 we resume t̄L �tL and the mean rel.devL
respect to the lamination values.

4. Conclusion
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We use the convention B || to the lateral side of the image. Starting from the bundle 
CM we look iteratively  for the line parallel to B splitting the bundle in two equal areas 
D+ and D. -> this defines the domains of integration for the magnetic moment
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3 – SEM images elaboration
Software flow-chart: 
• Rotates the strand image to be || to B in the meas.
• For bundle 1 to N

• Meshing and finding D+ and D-
• Evaluate F and Ssc

• Summing over the bundles to have total F and Ssc
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Sample # SEM images F F rel.err. % SSC SSC rel.err. % f f rel.err. % |f � F |/f %
(10�12 m3) (10�7 m2) (10�12 m3)

V HT2 9 4.49474 1.08 3.10163 0.93 4.46737 1.12 0.6
L10 HT2 4 4.63332 1.49 3.27286 1.71 4.77351 0.86 2.9
L15 HT2 6 4.35757 2.41 3.08904 1.97 4.62882 2.50 5.9
L20 HT2 6 3.87951 2.02 2.89635 1.79 4.25102 2.10 8.7
L25 HT2 7 3.90966 1.36 2.96219 1.13 4.34611 1.24 10.0

Table 3. The table shows the shape factor and the e↵ective superconducting section evaluation for any kind of rolled sample. F and
SSC data are calculated using the ANSYS code over a set of SEM images about the HT2 series. It’s also showed the approximated
shape factor f by eq. 2 where the radius data come from the SEM images analysis.

Rolling %
F-model f-model f⇤-model

t̄L �tL < rel.devL > t̄L �tL < rel.devL > t̄L �tL < rel.devL >

0 0.76 0.61 2% 7.37 1.37 16% 0.61 0.50 1%
10 0.60 0.32 2% 5.39 1.66 13% 0.79 0.84 2%
15 0.33 0.42 2% 4.77 0.38 18% 1.02 0.44 4%
25 5.81 0.65 23% 1.28 0.56 5% 2.31 0.50 9%

Table 4.

SEM image BW .jpeg
DXF conversion

SpaceClaim
ANF conversion

ANSYS APDL image elaboration

Ic: VAMAS vs m(B)
4 – ANSYS in our data analysis

F and f are the numerical and analytical shape factor averaged over the SEM images; SSC is the mean effective SC section 
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• From m(B) -> )!;/01 =
2#$$(4)
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• From (V,I) data  -> Recovering )!/<1<0 by fitting K = K!
;
;%

=
Lℎ:M: K! = K=7<6?: <6N@ 7:9?ℎ< O 10 >/

!2
. 

• )!/<1<0 curves have to be corrected for self-field effects

• We scale original direct Ic to VSM electrical criteria:  )! = )!/<1<0
?'()

+@ >//!2

+
,

Lℎ:M: Q/01 ≅ )
"
*̇ ≅ 2 ÷ 4 10(B >/

!2

D

dB/dt

• For both VAMAS and VSM measurements we claim degradation if normalized Ic (;%
$-../0

;%'
6< @6(: * 69> ,) is less than 95%

Ic: VAMAS vs m(B)
4 – Methodology
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VAMAS results
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• The red curve is the one used to simulate the Falcon Dipole 
wire  (#% 4.2 /, 16 3 = 1300 6);

• The data are not self field corrected

• Virgin 1 = virgin wire 14/10/2021

• Virgin 2 = FD_V_A

• Virgin 3 = FD_V_C

• Rolled 20% was too much unstable to achieve Ic

Courtesy by R. Valente, LASA

10% rolling 15% rolling 25% rolling
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<latexit sha1_base64="IfEVMhi8vBsUVsXavxLsXY7wHvY="></latexit>

F-model = numerical shape-factor + VAMAS s.f. correction + VAMAS scaling

B (T) n-value VAMAS Ic@EV SM (A) VSM Ic (A) rel. di↵. t
10.5 55.4 1457.0 1456.2 0.1% 0.02
11.4 56.0 1238.8 1220.8 1.5% 0.58
12.3 53.1 1021.2 1002.5 1.8% 0.73
13.3 48.5 838.8 822.7 1.9% 0.77
13.7 50.3 771.1 739.0 4.2% 1.71

<latexit sha1_base64="2Emn6pmjgRDAhGv6Y6+Mo9dH9pU="></latexit>

f-model = analytical shape-factor + VAMAS s.f. correction (Baumgartner’s model)

B (T) n-value VAMAS Ic@10µV/cm (A) VSM Ic (A) rel. di↵. t
10.5 55.4 1678.5 1465.3 12.7% 5.73
11.4 56.0 1425.1 1228.5 13.8% 6.30
12.3 53.1 1200.2 1008.6 16.0% 7.48
13.3 48.5 1001.2 827.5 17.3% 8.26
13.7 50.3 914.4 743.4 18.7% 9.06

VAMAS vs VSM: 0% rolled

rel.diff = (VAMAS – VSM)/VAMAS

1

1

1

*

*

*t = |VAMAS – VSM|/*+,-
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VAMAS vs VSM: 10 and 15 % rolled
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WARNING: no L20 VAMAS data available –> compared to L15 VAMAS

VAMAS vs VSM: 20 and 25 % rolled
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VAMAS vs VSM: Ic degradation?

BAUMGARTNER et al.: EVALUATION OF CRITICAL CURRENT DENSITY OF MULTIFILAMENTARY WIRES 6000604

without introducing a significant error. Using these expressions,
(4) becomes

(7)

Integrating this infinitesimal magnetic moment over the volume
of the hollow cylinder yields

(8)

where and are the inner and the outer radius of the hollow
cylinder, and the prefactor 2 takes into account that integrating
over from 0 to includes only current loops above the
-plane. Obviously the fact that the superconductor is hollow

must affect the shape of the current loops. Assuming that this
effect is localized near the ends of the hollow cylinder (bending
of current paths which would otherwise intersect the hole), ex-
pression (8) should be valid if the length of the hollow cylinder
is much greater than its inner diameter.
Assuming that the coupling between the sub-elements in a

straight sample of a multifilamentary wire is negligible (see
Section IV-B), its magnetic moment can be calculated by mul-
tiplying the moment of one hollow cylinder by the number of
sub-elements . Solving the resulting expression for yields

(9)

where is the irreversible magnetic moment of the sample,
measured parallel to a magnetic field applied perpendicular to
the wire. In [2] an equivalent expression was used to assess the
effective sub-element size of a powder-in-tube wire by
measuring the magnetization and determining in transport
measurements. An alternative derivation of the relationship be-
tween the critical current density and the magnetization of a
hollow cylinder can be found in [3].

III. SAMPLE TYPES AND EXPERIMENTAL SETUP

Four types of state-of-the-art multifilamentary wires
(see Table I) were subjected to magnetization measurements.
Short samples (approximately 4 mm) were cut from the wires
with a diamond saw, mounted on a silica glass sample holder,
and inserted into a SQUID magnetometer. The magnetic mo-
ment of the samples was measured as a function of the magnetic
field applied perpendicular to the wire. The maximum field of
the SQUID magnetometer was 7 T, and the measurements were
performed at different temperatures ranging from 4.2 to 15 K.
The expression was used to obtain the ir-
reversible magnetic moment of the sample from the magnetiza-
tion loop, where is the difference between the magnetic
moments measured during decreasing and during increasing ap-
plied field (see Fig. 1). The irreversible moment was not evalu-
ated at low fields (incomplete penetration and flux jumps) and
at fields above 6.4 T (reversal of the magnetization profile).

TABLE I
EXAMINED TYPES OF MULTIFILAMENTARY WIRES

Fig. 1. The difference between the upper and the lower branch of the curve was
used to obtain the irreversible magnetic moment.

Fig. 2. SEM image of an RRP-Ti sub-element. The effective inner and outer
diameters were determined by pixel counting.

IV. RESULTS AND DISCUSSION

A. Critical Current Density

Equation (9) was used to obtain the critical current densi-
ties from themagnetization measurements described above. The
outer and inner sub-element radii were determined from elec-
tron microscope images or from a light micrograph in the case
of the BIN wire by counting pixels of similar brightness (see
Fig. 2). The critical current density within the sub-elements of
the RRP-Ta samples as a function of the magnetic field applied

Authorized licensed use limited to: Universita degli Studi di Genova. Downloaded on August 10,2021 at 15:34:25 UTC from IEEE Xplore.  Restrictions apply. 



Summary
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• We presented a way to use ANSYS to extract critical current data from magnetic moments curves.
• Defining a database of strand SEM images is  possible to achieve Ic values  independently from transport data 
• Testing the compatibility between VAMAS and VMS techniques requires to scale VAMAS data to the Q!/01
• Our method is compatible with transport data at 0, 10 and 15% of rolling.
• Both VAMAS and VSM show no critical current degradation due to rolling up to 25%. VSM normalized Ic seems to 

improve with a boost in performance at 25% of rolling (more than 115% Ic). This effect has been already observed in 
RRP rolled samples as a consequence of bundles merging and it could lead to a falling of our working hypothesis.

In the next future we will 
• test the method respect to other Nb3Sn strand layouts or SC material as BSSCO 
• improving the ANSYS code adding magnetic simulations
• find a way to determine the shape factor in case of merged bundles
• setup an experimental method to measure the n-value from m(B), which would allow to derive Jc from m(B) at 

any value of Ec



Thanks for your attention!
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