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In this paper we discuss an experimental method based on the ac susceptibility for measuring the
effective transverse resistivity in multifilament NbTi wires designed for low loss applications. Short
samples of wire are involved in the measurements, with lengths comparable with the twist pitch. The
measured values of the transverse resistivity are compared to expectations coming from a model
based on a numerical approach. © 2009 American Institute of Physics. [doi:10.1063/1.3234378]

I. INTRODUCTION

Among the ac loss mechanisms in superconducting mul-
tifilament wires exposed to an ac transverse magnetic field, a
relevant role is played by the coupling currents between fila-
ments. Indeed, for some applications the reduction in the
losses caused by the filament coupling is of crucial impor-
tance for keeping the overall losses at an acceptable level.
The parameters affecting the coupling losses in a round wire
are mainly two: the twist pitch of the wire and the transverse
resistivity p,,. In general, the ac electromagnetic coupling
losses in superconducting multifilament wires is a well
known phenomenon, widely reported in the literature.'™ At
the same time well established experimental methods for
measuring the ac losses were developed, mainly based on
magnetization measurements,”™ involving even long
samples of the wire. Nevertheless there are applications, such
as the fast cycled superconducting dipoles for SIS300 syn-
chrotron at FAIR,'™"" where the magnetic field is fast ramped
at 1 T/s. These cases would require that the magnetization
measurements were done at the same field ramp rate, which
is usually higher, or much higher, than the ones allowed by
the experimental setups, usually based on a superconducting
magnet generating magnetic field larger than 3 T, with limi-
tation with respect the field ramp rate.

Looking for a simple and reliable experimental method
for obtaining information about the coupling ac losses, we
have investigated the possible involvement of ac susceptibil-
ity measurement, which offers the advantage to have practi-
cally no limitations in the field rate. The use of ac suscepti-
bility to investigate the coupling loss has also been proposed
for HTS BSCCO/Ag tapes.lz’13 On the other hand a couple of
aspects need to be studied for understanding the real appli-
cability of this method: (1) the samples are usually very short
and comparable to the length of the wire twist pitch; (2) the
ac field amplitude is low (0.1-10 mT) in comparison to stan-
dard magnetization measurements, even the one involving
the minor cycles (1 mT or more). In this paper, after review-
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ing the basic information coming from the ac susceptibility
measurement in Sec. II, we present in Sec. III a method for
obtaining the information related to the transverse resistivity
per- In Sec. IV measurements done on different wires are
reported and discussed, and the value of p,, is extracted.
Finally, in Sec. V, a simple numerical method is presented
for evaluating p,, and having an expectation to be compared
with experimental values. Conclusions are drawn in Sec. VI.

Il. AC SUSCEPTIBILITY

The ac susceptibility is a well known matter," but for
this particular application we consider crucial to review the
basic concepts in order to give a coherent formulation based
uniquely on the measured quantities with a well defined
physical meaning.

Let us consider a cylindrical sample of a superconduct-
ing multifilament wire (having radius R, and length [,) im-
mersed in a oscillating magnetic field B,,,=B cos wt trans-
verse to the sample axis (directed along z). The wire is
physically placed in a pick-up coil (having radius R. and
height h,), which detects the magnetic flux variation. The
superconducting shielding currents are generated in the
sample, flowing in a thin layer close to the surface or through
the bulk depending on the amplitude of the applied field and
the critical current density J.. These shielding currents gen-
erate a field opposed to the external field, so that, from a
general point of view, the sample presents a diamagnetic
magnetic moment m(z). If the sample is small compared to
the pick-up coil dimensions (R, and [,<R,), the vector po-
tential A at r>R; has, in cylindrical coordinates, only the
angular component which can be expressed as"’

m(t)r

2)302° (1)

Ay(z,rt)=wy—> 53,

In Ref. 15 it has been shown that the magnetic flux ®,
seen by the pick-up coil is
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N, 2R, \?
d.(1)= ,uofécm(t), where G.= /1 + ( h:) (2)

being N, the number of turns of the pick-up coil and G, a
geometrical factor.

Here we do not consider the flux contribution due to the
external field because it can be easily canceled with a suit-
able arrangement of the experimental setup (e.g., using a
second void pick-up coil). The voltage in the pick-up coil is
simply the time derivative of the flux and consequently it is
directly proportional to the time derivative of the magnetic
moment.

Since the magnetic moment of the sample can be written
as

m(f) =, m,, cos(nwt + ¢,),

n

where ¢, are the phase shifts caused by the nonlinear re-
sponse of the superconductor, the voltage in the pick-up coil
Vmeas ls

. N,
Vineas = — (1) = Ko e (L; > mnwsin(nwt + @,). (3)
If this signal is sent to a lock-in amplifier filtering the
first harmonic only, we have as output the in-phase voltage
V; and the out-of-phase voltage V,,

N. ,
V= po—mwsin ¢y,
hCGC

NC ( )
‘/ = M myw COS @. 4
a OhCGC ! !

It is possible to correlate the phase ¢ with physical quanti-
ties. With this aim, we need to write the magnetic field inside
the sample in terms of the magnetic moment. The internal
field By, is given by Bj, =B+ uo(1—D)M, where By, is the
external applied field, M is the sample magnetization (given
by the magnetic moment m divided by the sample volume
v,), and D is the demagnetizing factor (0.5 in case of a cyl-
inder in transverse field). We prefer using the external sus-
ceptibility yo=1/(1-D) rather than D. By using these defi-
nitions,

Moy
XoUs

B;, = B cos wt + cos(wt + ¢;)

Mot

1 ) (Moml . ) .
COS @ |cos wt — sin ¢y |sin wt.
XoUs XoUs
(5)

Indeed in Eq. (5) we should have had to consider the total
magnetic moment m(r), nevertheless, how we can see soon
later, we will perform integration involving multiplication by
the external field, so that only the first harmonics will sur-
vive.

We now compute the energy dissipated in the sample in
a cycle,

=<B0+
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2 Bom]
W= MdB. =- (cos wt cos ¢;
cycle 0 Ug

Bym;

— sin wf sin ¢;)sin wtd(wt) = T sin . (6)

s
Moreover, the average energy £ in the sample in a cycle,

1 (7 1(B; mB
= | BpBexdt=——|—m+
Mo Jo 2

0 cos cp1>. (7)
Mo XoUs

It is found that

£
—=-1
. Wo, By, W &
sin ¢ = = — and cos ;= .
mm By 2ugmm; & Holmy
XoBovs
(8)

In these equations there is an apparent asymmetry: the ex-
pression with the cos ¢, contains y,, but the expression with
the sin ¢; does not. Actually there is no contradiction be-
cause Y, is included in W. When we have completed the
analysis the final expression will not have this asymmetry.
Again we can consider only the first harmonic of the
signal because, as we can see later, the signal is processed
through a lock-in, which can select only this component of
the field. Combining Egs. (4) and (8) we have an explicit
expressions for the signals in phase and out of phase,

N, 1w
Vi=—~vsBoo| |,

h.G. 27 &,
N, £
Vq = thCUSBOw g_o -1 Xo0- (9)

These signals are related to the so-called ac susceptibility,
which is a physical concept similar, but not coincident, to the
magnetic susceptibility y=dM/dH.,.

Since dM/dH =[1/(1-D)](dH;,/dH.—1) (where the
indexes in and ext are referred to the internal and external
magnetic field H), we can write the susceptibility as y
:XO(dHin/dHext_ l)

In case the of an harmonic external field H,,,=Hye'”, the
internal field will be of the form H;,=X_ (A,—iB,)e"*".
Considering the first harmonic only, the susceptibility can be
written as

dH;,
) dt
=(A,-iB))e'” -1
x=(4A, 1) dH,,
dt
io(A, —iB,)e™"
=Xo| 7= o a1
iwHye

(1))
=Xo H, IHO-

The real and imaginary parts of the susceptibility are x’
=A,/Hy—1 and x"=B,/H,, in the same way we did for the
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signals V;and V,, it can be shown that the components of the
susceptibility are related to the stored and dissipated ener-
gies,

(5 1) — -], (10)
X=Xo 50— —127750)(0 = XoLX —IX 1.

Combining Egs. (9) and (10), we have the final relations
connecting the output signals and the components of ac sus-
ceptibility,

) h.G.
X'=""—"V,
NcUsBOwXO a
h.G.
X'= Vi (11)
NcUsBOwXO

The measured signals V, and V, are directly proportional to
the components of the ac susceptibility through a constant
including the geometrical factors of the pick-up coil
(h.G.IN,, later denoted as g), the frequency, the peak ac
field, the external susceptibility, and the volume v,. This vol-
ume needs a remark as in the next pages we will refer to it as
the shielded volume rather than the sample volume. The rea-
son is that the systems under study are composite materials
with superconducting filaments embedded in a normal con-
ducting matrix. We will have situations where only the fila-
ments are shielding the magnetic field (through permanent
currents) and others where the whole wire is shielding the
field through both filament permanent currents and currents
generated by the filament coupling (crossing the matrix). The
measured signals are directly proportional to the volumes
involved in the shielding,

vBowxo ,
y, = bboxo, (12a)
8
vBowxo
V= SR (120)

lll. AC SUSCEPTIBILITY AND COUPLING AC
LOSSES

It is well known that the energy coupling loss per cycle
and per unit volume of a multifilament wire exposed to a
transverse harmonic field of peak value B is'e

B(z) T

W_Xo,u,oﬂ-l+w272’ (13)
where 7 is the characteristic time constant directly propor-
tional to the square of the twist pitch p and inversely propor-
tional to the transverse resistivity, 7=(ug/2p,,)(p/2m)?%. In-
deed, in the classical relation of the losses in a round wire, X
of Eq. (13) is replaced by a factor of 2. Here we are using x,
not to lose generality. The coupling loss has a maximum at a
characteristic frequency f=1/2mr, allowing a precise mea-
surement of 7. Since the component )" of the ac susceptibil-
ity is directly proportional to the ac loss, in principle we
should be able to determine the characteristic time constant
by analyzing the dependence of " on the frequency. Due to
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FIG. 1. Measured voltages V, and V; as a function of the temperature in a
NbTi wire.

the direct connection between time constant and transverse
resistivity, in the following pages we only focus on the time
constant because it comes directly from measurements. The
resulting transverse resistivity can be then easily deduced. In
order to understand how these concepts can be applied, let us
analyze the measurement shown in Fig. 1, where the signals
Vyand V, [hence the ac susceptibility components according
to Eq. (12)] concerning a NbTi multifilament wire are plotted
versus the temperature. In the following sections we will
discuss with more details the geometrical characteristics of
the samples under study, but here we are interested to the
behavior of x'(T) and x"(T) for a generic multifilament wire.

It is important to know that this measurement is per-
formed on a sample made of fine NbTi filaments (~ 2.6 pm),
placed transverse to an ac magnetic field B;=10 G oscillat-
ing at 1.9 Hz, superimposed to a dc magnetic field By,
=200 mT. The characteristic time constant for this sample is
5.1 ms, corresponding to a characteristic frequency of 31 Hz.
As a consequence the frequency of 1.9 Hz can be considered
to be a low frequency. The reason why we perform measure-
ments at 0.2 T is related both to the occurrence of proximity
coupling in these wires made of fine filaments (so the dc field
depresses the proximity effect) and to the consideration that
the application of a suitably small dc field simplifies the
analysis, as the critical current density can be considered
constant in the whole sample.

If the result in Fig. 1 is compared with classical ac sus-
ceptibility measurements, we find the following peculiarities.

(1) In general x'(7T), i.e., the corresponding voltage V,, is
expected to decrease when lowering the temperature and
to saturate to a value corresponding to the physical situ-
ation where the ac field in the NbTi filaments is com-
pletely shielded by the surface currents. In our case, the
critical current density at 4.3 K for the NbTi is J,
~1.6X 10" A/m? corresponding to a field penetration
of 1 mT in a layer of thickness Ax~By/ug/,
=0.05 wm, i.e., much smaller than the filament dimen-
sion. In fact, the y'(7T) decrease is quite smooth and a
saturation value is not yet clearly visible.

(2) X'(1), i.e., the corresponding voltage V/, is expected to
have a peak and then to decrease to zero as the tempera-
ture decreases. The peak value is related to the complete
penetration of the ac field causing the largest possible
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TABLE I. NbTi wire main features.

J. Appl. Phys. 106, 083905 (2009)

Wire IGC 944-02-20

Cross section

Diameter (mm) 0.651
Matrix Cu/Mn
Twist Pitch (mm) 12.5
Matrix/SC 1.7
Filament 2.63
diameter (um)

Source Provided by

J. Kaugerts (GSI)
micrograph by
M. N. Wilson

Developed by H.

Kanithi (IGC) for

SSC

Other
information

SL87969 Luvata_prototype
0.811 0.825
Cu/Mn Cu/Mn
6.5 5
1.55 3.64
2.5 2.5
Provided by INFN/Luvata
J. K (GSI) Fornaci di Barga (I)

Developed in the
frame of he
DISCORAP project

dissipation, while the zero value is related to the quasi-
complete shield of the magnetic flux. In fact, after a fast
increase below T, x¥”(T) never decreases to zero.

(3) On the basis of the critical state model, the ratio between
the maximum variations in ' and y” is determined by
the sample shape and field direction. One is expecting
that 3xi ../ Xmax = 0.6-0.75. In fact, the peak of x” is
very small compared to the variation in ' in the mea-
sured temperature range.

The observed behavior of x'(7) and x”(T) would sug-
gest that we have to look at different basic mechanisms. In
fact, the result of Fig. 1 can be interpreted considering that at
low temperatures the ac susceptibility is dominated by the
coupling currents (even at a frequency as low as 1.9 Hz),
whereas the hysteretic effects are not contributing to losses
because the low applied ac field (few gauss) is completely
shielded by the filament surfaces. Under this view, the com-
ponent X" at low temperatures (let us say in the 4-5 K tem-
perature range), let us denote it as x., would give a direct
measurements of the ac losses due to the coupling currents.
If this interpretation is correct, we would expect that at in-
creasing frequencies, x.. has a peak frequency at 1/277 [as
predicted by Eq. (13)]. At the same time the other compo-
nent, x_., shall increase as the frequency increases because
the coupling currents will shield larger and larger fractions of
the wire. The limit of .. is at a frequency so high that the
whole wire is shielded.

We tested this idea through ac susceptibility measure-
ments on different multifilament wires. The experimental
procedure was based on the measurements of x'(7) and
X'(T) at fixed ac field (~10 G) performed at different fre-
quencies.

IV. EXPERMENTAL ANALYSES ON NbTi FINE
FILAMENTS SAMPLE WIRES

The measurements were carried out on three different
NbTi wires. The choice of the wires was determined by the

general frame, in which the authors are operating: i.e., the
development of fast cycled superconducting dipoles.lo’11
This application requires the involvement of low loss wires'’
with small filaments (few microns), small twist pitches, and a
relatively large transverse resistivity. One problem is just re-
lated to the transverse resistivity, which is enhanced through
the dilution of Mn in the Cu matrix."® A too high transverse
resistivity could have negative effects on the wire thermal
stability,17 so it is important to have a good knowledge of
this parameter. In this framework we studied some wires
produced in the past for applications requiring fast variations
of the magnetic fields. Two samples were provided to us in
small quantities, preventing us to perform measurements on
very long samples (sample length much larger than its twist
pitch). Furthermore a third wire, developed by Luvata, For-
naci di Barga, Italy under an INFN contract, was studied. In
Table I the main parameters of the wires under study are
reported.

For each sample two different lengths were used: (1)
short samples with length approximately equal to the twist
pitch and arranged in a straight configuration; (2) long
samples, coil shaped (long two or three twist pitches) to fit
the dimensions of the sample holder. The measurements
were done in two different experimental setups, at INFN
Genova and CNR-INFM at University of Salerno. Despite
minor differences in electronic equipment between the set-
ups, they share the same general layout shown in Fig. 2.

As explained in Sec. III, we focus the interest on the
values of V,../(Bof) and Vi../(Bof) versus the frequency f.
The index cc has the same meaning as described in Sec. III.
Figures 3(a)-3(c) report the measurements performed on the
three wires. Each graph shows measurements on both short
sample (=1 twist pitch) and long sample (=2 twist pitches).
The measured values of V. and V. are divided by Bf and
normalized to the value of V,./(Byf) measured at the lowest
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FIG. 2. Experimental setup for measuring the ac susceptibility at varying
temperatures and applied dc magnetic field.

frequency, with the aim to have a clear normalization to a
physical situation where only the filaments shield the mag-
netic field.

The experimental results concerning these three wires
have many common aspects.

(1) The quantity Vy../(Bof), which according to Eq. (8) is
directly related to the energy dissipated in a cycle,
shows a peak value when plotted as function of the fre-
quency. This behavior is expected if Eq. (13) is appli-
cable. The characteristic frequencies are 31 Hz for IGC
sample, 87 Hz for SL sample, and 94 Hz for Luvata
wire, corresponding to characteristic time constants
7=5.13 ms, 7=1.83 ms, and 7=1.69 ms, respectively.

(2) The shape of Vi /(Byf) is the same for both short
samples and long samples and the peak values are
placed at the same characteristic frequency. This is the
most important result of this work as it can be seen as a
strong mark of the coupling mechanism.

(3) The quantity V,../(Bgf) is an increasing function of the
frequency, as we can expect if the coupling currents are
shielding more and more the wire. Commenting data in
Fig. 1 we have already pointed out that we did not ob-
serve this case (dissipation is not zero; x.. has not satu-
rated at low temperatures). Nevertheless the extremely
small slope of V,../(Bof) as a function of f at low fre-
quencies suggests that the magnetic shield is mainly due
to the filaments. In Eq. (12a) we can see that V. is
directly proportional to the shield volume. So we should
expect that when f— o the quantity V, ./ (B,f) increases
because the shielded volume is changing from the fila-
ments to the whole wire volume. The limit value at high
frequency cannot be higher than 1 + « times the value
at low frequency, being « the matrix to superconducting
material (Matrix/SC) ratio. The maximum expected val-
ues for V,../(Bgf), from the Matrix/SC values listed in
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FIG. 3. Normalized ac susceptibility voltages V. and V. vs frequency at
4.5 K for IGC sample (a), SL87969 sample (b), and Luvata sample (c). The
open and solid symbols refer to short and long samples, respectively. Nor-
malization coefficients are the V,../By, values measured at the lowest fre-
quency. Measurements were performed in a dc magnetic field of 0.2 T.

Table I, are therefore 2.7, 2.55, and 4.64, respectively,
for samples IGC, SL, and Luvata. The experimental val-
ues of these factors at the maximum measured frequen-
cies were 1.5-1.7 for the IGC wire, from 1.3 to 3.6 for
the SL wire, and from 2.1 to 3.5 for Luvata wire. The
discrepancies between experimental and expected values
can be partly explained considering that also the external
susceptibility y, can be different for filaments and the
wire. In fact, the filaments could have a y,>2 due to
their deformed shape.

(4) If the main loss mechanism is due to the coupling cur-
rents and Eq. (13) is then applicable, we could expect
that the peak value of y”, which using Eq. (10) is x”
=w7/(1+w*7) would be 0.5. For Vy../(Byf) the peak
shall be higher because we have to consider the normal-
ization with respect to V,../(Bof) at low frequency. In
fact, we have to include both the amplification factor
coming from the increasing with frequency of shielded
volume and the external susceptibility variation from
low to high frequency. This information is not predict-
able at the peak frequency (this frequency reflects an
intermediate situation between low frequency and high
frequency limits). As an attempt, we can directly take
the measured V, ./ (Byf) values at the frequency of the
peak as the amplifying factors. For IGC wire the peak of
Viee! (Bof) is ranging from 0.3 (short sample) to 0.35
(long sample); multiplying both by 1.3 [the measured
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FIG. 4. p, values at 4.5 K computed from measured characteristic frequen-
cies on IGC wire as a function of the applied magnetic field.

V! (Bof) value at the peak frequency] we obtain a peak
of x” ranging between 0.40 and 0.45. For SL wire the
peaks of V./(Byf) are 0.41 (for both long and short
samples). Multiplying by the factors of 1.3 and 2, we
have a peak of y” ranging between 0.52 and 0.82. For
Luvata wire the peaks of Vi /(Bf) are 0.41 (short
sample) and 0.73 (long sample). Multiplying by the fac-
tors of 2.2 and 1.42, we have a peak of y” ranging be-
tween 0.90 and 1.07. These results are controversial: for
IGC (both short and long samples) the peak values are
10%-20% lower than expected. For SL wire the long
sample has the correct peak while the short sample has a
peak 65% higher. For Luvata wire the peak is a factor of
2 higher than expected.

The resulting set of the experimental data leads to a gen-
eral conclusion that only the frequency of the peak of
Vieo! (Bof) seems to have a clear physical meaning, related to
the characteristic time constant. This is not surprising if con-
sidering that (1) at increasing frequency both shielded vol-
umes and external susceptibility are changing in not a pre-
dictable way; (2) we are not able, due to the noise level, to
perform measurements at a frequency less than 1 Hz in order
to detect the shielding in the filaments without coupling cur-
rents. Thus we do not have a clear reference for the normal-
izing factor V,../(Bof) at vanishing frequencies f— 0.

For one of the wire under consideration there is a con-
firmation of this result in the literature. Figures 14 and 15 in
Ref. 17 report data on the same IGC conductor. The mea-
sured transverse resistivity at 0.2 T is 0.453 n{) m (see also
Refs. 19 and 20). The corresponding characteristic time con-
stant is 5.49 ms, to be compared with our result of 5.13 ms.
In addition we show in Fig. 4 the p.(H) values computed
from the characteristic frequencies measured for the IGC
wire under different applied magnetic field values. Again a
good agreement is found comparing our data in Fig. 4 to data
of Fig. 3 in Ref. 20, where a similar curve is reported from
different experiment on the same wire.

Finally, a consideration is needed regarding the effect of
the eddy currents on these results. In fact, in a multifilament
wire exposed to a transverse field we have in the matrix both
the transverse currents due to filament coupling and the lon-
gitudinal eddy currents closing at the wire ends. A simple
conclusion can be drawn looking at the time constants. For
the coupling currents the time constant is given by 7.
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=(uo/2p,,)(p/27)?, for the eddy currents the maximum time
constant (if the wire were completely made of copper) is
Teddy= 10/ 8pcy)R?, where R is the wire radius. The ratio
between the two time constants is Teqqy/ Tee=(pei/4pcu)
X(2@R/p)?. For the wires under consideration this ratio
ranges from 1.3% of the IGC wire to 14% of Luvata wire.
Considering that the cross section allowed to the eddy cur-
rents for flowing is much smaller, these fractions are even
smaller, leading us to neglect this effect.

V. INTERPRETATIVE MODELS

In order to obtain further confirmation to our interpreta-
tion of the experimental results, indicating that the peak of
the Vy../(Bof) occurs at the frequency corresponding to the
characteristic time constant for the coupling current even if
the sample is short (one twist pitch) and the ac field ex-
tremely small (few gauss), we developed a simple interpre-
tative model based on the work performed by Duchateau et
al.*' Our aim is to calculate the transverse resistivity for a
real wire, taking into account the real wire layout rather than
a crude approximation based on a simplified shell model.

If the frequency of the applied ac field is low compared
to the characteristic frequency (where the ac losses get a
maximum), we can assume that the internal field is practi-
cally coincident with the external field. In this case in the
wire cross section the voltage applied to a filament placed at
a position (x,y) is

BCX[
27T

V(x) = —px. (14)
Here the ac field has direction X.

In principle if we are able to model the cross section of
the wire, apply this condition to the filaments, and solve the
static electric problem (governed by the Laplace equation),
we can find the correct current distribution. Actually we can-
not model thousands of filaments, but we can consider the
large bundles of filament and apply the conditions directly to
the bundles. This approximation is not bad in our case, where
the filaments in the bundles are embedded in a high resistiv-
ity CuMn local matrix, so that the coupling currents are
flowing mainly through the Cu parts of matrix surrounding
the bundles. On this basis we have considered a model of the
wire as shown in Fig. 5 (for IGC wire layout). The red zones
are the filament clusters considered as a single material hav-
ing an electrical resistivity (according to the model of Carr")
of

1-\
PFil.bundle = 1+ )\pCuMn’ (15)

where A\ is the local filling factor of superconductor, A =
0.75, and pcym, 18 the resistivity of the copper manganese
matrix surrounding the filaments of the bundle. To be noted
that Eq. (15) is valid in the case of good electrical bonding
between filaments and matrix. Considering that pcgy,=2.1
X108 Qm, we have pgy punaie=3 X 10~ Q m. The white
zone in Fig. 5 is the copper matrix with resistivity (at T
=42 K and B=0.2T) pc,=1.7%X107'° QO m. The condition
in Eq. (14) is applied to the boundary of the filament
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FIG. 5. (Color online) Geometrical model used for simulations.

bundles. The electric problem has been solved using the
comsoL" finite elements code. With this approach we have
V(x=0)=0. The obtained current distribution is shown in
Fig. 6.

We can see that the currents are flowing both in the
region external to the filaments and through the inner core.
Once computed the current distribution we can now easily
calculate the electrical dissipation integrating the local calcu-
lated electric field E(x,y) and the local current density
J(x,y) over the cross section S, and dividing by the whole
cross section,

1
W=§ E(x,y)J(x,y)dxdy, (16)
S

and finally obtain the time constant through
oW
2B

ext

T=

(17)

The resulting time constant computed following this process
is 5.38 ms, which compares very well with measured values
(both ours and Wilson’s reported result).

We have performed the same computation for SL and
Luvata wires (see in Figs. 7 and 8 for the current distribu-

FIG. 6. (Color online) Coupling current distribution for IGC wire in its
system coordinates. The arrows represent the total current density.

J. Appl. Phys. 106, 083905 (2009)

FIG. 7. (Color online) Coupling current distribution for SL87969 wire in its
system coordinates. The arrows represent the total current density.

tions) obtaining a time constant of 1.61 and 1.57 ms, respec-
tively (to be compared to the measured values of 1.81 and
1.69 ms).

VI. CONCLUSION

An experimental method based on ac susceptibility mea-
surements has been developed for evaluating the time con-
stant of the coupling currents in multifilament twisted wires.
The method is based on the analysis of the components of
the ac susceptibility versus the frequency of the ac magnetic
field. Many aspects of these signals are controversial but one,
the in-phase signal, has a well defined peak independent of
the wire length (minimum one twist pitch). The frequency of
the peak directly provides the time constant of the coupling
mechanism (and hence the transverse resistivity). This has
been verified by comparing the experimental results with a
model involving a finite element analysis for solving the
Laplace equation of a static electrical problem, which as-
sumes that the voltage of any filaments is only given by the
external flux variation. Practically the approach is the same
used by Turk and Duchateau and recently reviewed by Wil-
son, only implementing a solution based on FEA.

FIG. 8. (Color online) Coupling current distribution for Luvata wire in its
system coordinates. The arrows represent the total current density.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



083905-8 Fabbricatore et al.

ACKNOWLEDGMENTS

The authors are grateful to A. Ferrentino, University of
Salerno, for his invaluable technical support. G. Moritz, GSI-
Darmstadt, is acknowledged for the fruitful discussions and
for his advices during the preparation of this paper.

'W. J. Carr, I. Appl. Phys. 45, 929 (1974).

>W. J. Carr, J. Appl. Phys. 45, 935 (1974).

3G. Fournet and L. Boyer, Proceedings of the Sixth ICEC, 1976 (unpub-
lished), p. 451.

4]. L. Duchateau and B. Turck, Cryogenics 14, 545 (1974).

M. N. Wilson, Proceedings of the International Conference on Supercon-
ductivity, Annapolis, 1972 (unpublished), p. 385.

K. Kwasnitza and P. Bruzzone, Cryogenics 21, 593 (1981).

AT M. Roovers, W. Uijttewaal, H. H. J. ten Kate, B. ten Haken, and L.
J. M. van de Klundert, IEEE Trans. Magn. 24, 1174 (1988).

ST, Ogasawara, M. Itoh, Y. Kubota, K. Kanbara, Y. Takahashi, K. Yaso-
hama, and K. Yasukochi, IEEE Trans. Magn. 17, 967 (1981).

M. M. Hlasnik, M. Majoros, and L. Jansak, in Handbook of Applied Su-
perconductivity, edited by B. Seeber (IoP, Berkshire, 1998), p. 344.

10p, Fabbricatore, F. Alessandria, G. Bellomo, S. Farinon, U. Gambardella,

J. Appl. Phys. 106, 083905 (2009)

J. Kaugerts, R. Marabotto, R. Musenich, G. Moritz, M. Sorbi, and G.
Volpini, IEEE Trans. Appl. Supercond. 18, 232 (2008).

1y, Kaugerts, G. Moritz, M. N. Wilson, A. Ghosh, A. den Ouden, I.
Bogdanov, S. Kozub, P. Shcherbakov, L. Shirshov, L. Tkachenko, D.
Richter, A. Verweij, G. Willering, P. Fabbricatore, and G. Volpini, IEEE
Trans. Appl. Supercond. 17, 1477 (2007).

2p. Zola, F. Gomory, M. Polichetti, F. Strycek, E. Seiler, 1. Husek, P.
Kovac, and S. Pace, Supercond. Sci. Technol. 17, 501 (2004).

Bp. Zola, F. Gomory, M. Polichetti, F. Strycek, J. Souc, P. Kovac, and S.
Pace, IEEE Trans. Appl. Supercond. 15, 2903 (2005).

“Fedor Gomdry, Supercond. Sci. Technol. 10, 523 (1997).

15p, Fabbricatore, S. Farinon, F. Gomory, and S. Innocenti, Supercond. Sci.
Technol. 13, 1327 (2000).

'®A. M. Campbell, Cryogenics 22, 3 (1982).

'"M. N. Wilson, Cryogenics 48, 381 (2008).

BE. W, Collings, K. R. Marken, Jr., M. D. Sumption, E. Gregory, and T. S.
Kreilick, Adv. Cryog. Eng. 36, 231 (1990).

H. C. Kanithi, P. Valaris, and B. A. Zeitlin, in Supercollider IlI, edited by
J. Nonte (Plenum, New York, 1991) p. 689.

M. N. Wilson, GSI Report No. 25, 2006, available from g.moritz@gsi.de.

23.-L. Duchateau, B. Turck, and D. Ciazynski, in Handbook of Applied
Superconductivity, edited by B. Seeber (IoP, Berkshire, 1998) p. 205.

Author complimentary copy. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp


http://dx.doi.org/10.1063/1.1663341
http://dx.doi.org/10.1063/1.1663342
http://dx.doi.org/10.1016/0011-2275(74)90001-0
http://dx.doi.org/10.1016/0011-2275(81)90228-9
http://dx.doi.org/10.1109/20.11442
http://dx.doi.org/10.1109/TMAG.1981.1061040
http://dx.doi.org/10.1109/TASC.2008.922291
http://dx.doi.org/10.1109/TASC.2007.898474
http://dx.doi.org/10.1109/TASC.2007.898474
http://dx.doi.org/10.1088/0953-2048/17/3/033
http://dx.doi.org/10.1109/TASC.2005.848629
http://dx.doi.org/10.1088/0953-2048/10/8/001
http://dx.doi.org/10.1088/0953-2048/13/9/308
http://dx.doi.org/10.1088/0953-2048/13/9/308
http://dx.doi.org/10.1016/0011-2275(82)90015-7
http://dx.doi.org/10.1016/j.cryogenics.2008.04.008
g.moritz@gsi.de

