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ABSTRACT

In high energy accelerators such as the SSC, the magnetization of
the superconductor is an important component in determining the harmonic
fields at Injection (~0.3T). In an effort to reduce these residual
fields, Interest has focused on NbTi conductors with fine filaments which
are expected to have a reduced magnetization as dictated by the critical
state model. With this in view, the magnetization and critical currents
were measured at 4.3K for a set of NbTi wires with filament diameters, d,
ranging from 1.0 to 5.0 microns. The data show that, although the
magnetization scales linearly with d, it does not do so with the product
J£d for d less than 3 um. However, at these d values, the critical
transport current density, Jc, of NbTi was observed to decrease rapidly
as a function of d. The origin of this Jc degradation and its effect on
the scaling of magnetization within the framework of the critical state
model is explored. We also examine the question of the observed
asymmetry of the hysteretic magnetization.

INTRODUCTION

The effects of magnetization currents in the superconductor of accel-
erator dipoles appear at low fields as a non linear transfer function and
systematic sextupole and higher multipole fields which are hysteretic in
nature. These magnetization fields, which were first measured exten-
sively by Sampson et al. in early ISABELLE dipoles, dominate the
systematic field errors at injection which must be corrected by trim
coils. For the Superconducting Super Collider (SSC) which is envisioned
to have an acceleration range of 1-20 TeV, the injection field is nomi-

\ nally 0.3T for the high field SSC Reference Design D . At present
\ prototype Design D dipoles which are being wound with NbTi cables with a
\ large filament size (~ 20 urn), exhibit significant magnetization fields

at 0.3T. This has motivated conductor R&D in an effort to produce NbTi
wires, with high critical current density and small filament size (~ 2 to
5 micron), which are expected to show a significantly lower magnet-
izat ion.
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We report here magnetization and critical current measurement• on
NbTi conductors with filament diameters ranging from 5 to 1 micron. These
data provided the basis for testing the scaling of magnetization with
current density and filament diameter.

EXPERIMENTAL DETAILS

The average magnetization, M, of several multlf 1' imentary NbTl samples
were determined in these experiments as a function of applied transverse
magnetic field, II, and magnetic history at 4.3SK. Measurement of changes
of flux through appropriate pickup coils during changes in H were inte-
grated to yield a complete set of values of M as a function of H. The
field dependence of the critical transport current I c was determined in a
separate experiment3.

The details of the magnetization apparatus and the measurement tech-
niques are given elsewhere . The test samples were In the form of a stack
of 30 cm long pieces of wire of volume ~ 2-3 cm3, held together by epoxy
and fiberglass and mounted in a non-magnetic holder. Since the measure-
ment Involves taking the difference of the measuring coil signal with and
without the sample, the net susceptibility of the holder and the material
other than the superconductor influences the shape of the hysteretic loop
at high fields. Data were taken with an external ramp rate of ~ 20 mT/s.
No eddy currents were detected for these rates.

A description of the NbTi samples are given in Table I. The IGC, MCA
and Furukawa wire which have been manufactured recently represent possible
future conductor for the SSC magnet program and some of the metallurgical
details and critical current measurements are to be found in a report by
Garber et al. . The 0.22 mm Furukawa wire was drawn without any heat
treatment to the smaller sizes. The OST conductors manufactured in 1981
as a qualification test for the Tore II Supra project have a Cu+CuNi mat-
rix and twist lengths ranging from 12 am to 1.1 mm. The first four OST
wires were drawn down from the same billet whereas the 0,20 mm wire was
from a different billet. Eddy current loss measurements° have been
reported for conductor similar to the 0.20 mm wire, while Carr and Wagner'
have studied the magnetic hysteresis loop for the 0.367 mm wire.

Analysis of Measurements

The magnetization measurements gave reproducible hysteresis curves
after the samples were cycled once to high fields. To compare conductors,
the "width" of the hysteresis loop defined as 2 u M was determined at
the field of interest.

2y0M - po(M-- M
+)

where M~ (M*) denotes the increasing (decreasing) applied field branch of
the magnetization loop. In the critical state model this is related to
the critical current density for fields greater than the full penetration
field Hp, as

2po M(H) - 2 U O ^_ v Jc (H) d (1)

where v is the volume fraction of NbTi, d is the nominal filament diameter
and Jc is the current density in the NbTi. To facilitate comparison of
conductors with different copper-superconductor ratio we also define

2VQ Ha - 2u0 M/v (2)
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Table 1. Sample Description

1.

2.

3.

4.

Manufacturer

IGC

MCA

Furukawa

OST
(Airco)

Wire Dla.
(mm)

0.29

0.114

0.226
0.142
0.114

0.91
0.57
0.455
0.36
0.20

Vol.fraction
of NbTl

0.42

0.48

0.48
0.48
0.48

0.31
0.31
0.31
0.31
0.31

# Of
filaments

1953

367

3000

10285

Filament
Dia.(ym)

4.3

4.0

2.9
1.8
1.5

5.0
3.1
2.5
2.0
1.1

The asymmetry of the magnetization loop for H > H_ can be characterised
by T

2u0 (M" (3)

Ic, the critical current defined for a conductor resistivity, p, of
lO-^Jl-m, was measured in transverse external fields from 0 to 8T. The
resistive transition is characterized by Ic and a "quality factor" n
defined empirically by the relation^1^

A transport Jc is calculated using the known Cu/SC ratio and quoted
at 5T in units of A/mm2.

RESULTS AND DISCUSSION

In Fig. 1 the measured Jc at 5T and the width of the magnetization
loop for unit volume of superconductor, 2ji0Mg, at 1 Tesla are plotted as a
function of filament diameter. The data show that although the Jc drops
rapidly for d < 3 microns, the magnetization scales linearly with d. In
fact this linear trend can be shown to extend up to filament sizes as
large as ~ 23 pm8. This indicates that for those conductors of interest to
the SSC magnet program (i.e. Jc (5T) £ 2400 A/mm

2), the systematic error
fields produced in the dlpoles would be proportionally reduced as the
filament size went from 23 to - 3.0 \im.

Validity of the Critical State Model

MTable 2 lists some of the measured quantities. JQ
n is the critical

current density calculated from the magnetization data using Eq. 1. J is
the transport critical current density which has been corrected for self
field using the relation (u_H) £- 10~

7 (2I/R) where R is the wire radius.
In Fig. 2 the ratio JC/JC

M at I Tesla is plotted against filament diam-
eter. ti~ first glance the data would seem to indicate that for d < 3 pm
the magnetization is larger than what would one expect froa the critical
state model. However, we argue that for d < 3 \m the transport critical
current is not intrinsic to the superconductor. The reason that unusually
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Fig. 1. Plot of JC(5T) and 2uQ Mfl(lT) versus filament diameter
The open symbols are the Jc data. The closed symbols
give the magnetization "width" at 1 Tesla.

high M values are observed In fine filament wires of low current capabil-
ity is due to the fact that magnetization is unaffected by filament break-
age or "necking", whereas transport current is directly affected by such
geometric defects. Thus a sample with severe filament necking will have a
larger magnetization than would be expected from the measured current. In
fact, it is not the magnetization that Is high but the current that is
low. We have observed that the magnetization of cable samples is not
affected by compaction even when significant degradation has been Induced
by excessive rolling. In one example the cable transport current was

Table 2. Critical Current and Magnetization Data

Sample

IGC-0.29

MCA-0.114

FUR-0.226
-0.142
-0.114

OST-0.91
-0.57
-0.455
-0.36
-0.20

A W

2835

2497

2381
1580
1320

2100
1950
1330

920
830

n
at 5T

31.5

31.1

24.5
18.1
15.5

17.6
10.8
5.5
4.5
9.5

2 MOM(1T)
mT

6.5

7.1

5 .1
3 . 1

6.0
3.1
2.3
1.8
1.0

Jc
M(ir)

A/mm2

6710

6980

6770
6740

7190
6000
5513
5393
5450

J * / J M
J c / J c

-

0.98

1.00
.64

1.00
1.05
0.75
0.55
0.48



t-J

2 i 4 5
FILAMENT DIAMETER

Fig. 2 Plot of J*/JC
M at 1 Tesla versus filament diameter

reduced by 30% while the magnetization was identical to an equivalent
volume of uncabled wire. This is because the bulk of the superconductor
is unaffected but the filaments are serrated at edges reducing the
transport current5. In the following section, the cause of the J
degradation in fine filament NbTi Is discussed.

Jo Degradation for d < 3 pm

5 9Garber et.al. • have shown that high Jc wire have filaments with
smooth surfaces and uniform cross sections. Filaments in low Jc wires
show Cu^Ti compound particles 1 ~ 2 |im size on their surfaces and large
variations in cross section (I.e. necking). Scanning electron microscope
(SO!) photographs of the Furukawa wires shows the presence of these
nodules of Cu-Ti on the filament surface which would account for the J
degradation as this wire is drawn down. C

In the case of the OST wires, evidence of fllanent damage or necking
is reflected in the reduced n values characterizing the resistive transi-
tion (see Table 2). In Fig. 2 the dashed curve is the J (ST) normalized
to the JC(5T) of the 0.91mm wire, which shows the degradation in critical
current as the wire is drawn down. Although these wires had Nb barriers
around each filament to prevent Cu-Ti compound formation extensive
necking was observed in SEM micrographs, with the 0.20 mm wire showing a
lot of filament breakage. At this wire size, 1 micron ZrO. inclusions
were found at the necking sites. Contamination of the alloy with ZrO,
from grinding wheels used in a centerless grinding operations likely led
to this inclusion and the degradation of the wires for d < 3 pa.



Asymmetry of the Magnetisation Loop

Garr and Wagner showed that for fine filaments the magnetization
hysteresis has an up-down asymmetry. This they attribute to a surface
urrent which is non zero (in the positive field region) for positive

i.e. the M branch, and is zero for - i.e. the M branch. This
asymmetry was observed in Che fine filament wires reported h«re an
example of which Is shown in Fig. 3. In this case most of the normal
material susceptibility was eliminated by taking the difference of the
signal with the conductor at 4.35K and when heated to ~ 20K without
removing the sample from the measuring coils. The asymmetric term 2uQMa
is ~ 1 mT at an external field of 1 Tesla and is similar in magnitude to
the 1.1 ym filament wire.

Although the critical state model predicts up-down symmetry, data in
the literature show asymmetry at high fields for even large filament
diameter superconductors10. It is argued that an asymmetric contribution
describing the equilibrium magnetisation of any Type II superconductor
should be present at all fields. This equilibrium magnetisation M £ is
described by the models of Abrlkosov and Ginzburg-Landau theory11-. It is
assumed that this term is independent of the critical state magnetization
and depends only on the magnitude of the applied field and is therefore
reversible.

For extreme Type II (< » 1 ) superconductors and for H » H c l , the
Abrikosov solution of the "London model" givey an analytical expression
for M for a cylinder in parallel applied field Although the applied
field in these experiments is transverse, nevertheless one can estimate
the magnitude of this term. Using an upper critical field, H 2-11.2T,

12

and heat capacity data of Nb-46.5 wt.ZTi,13, the following values are
estimated: K - 38, Hcl(4.3K) - lOmT, X, the penetration depth, - 2.5 x
10~7i». Using these values Mfi at 1 Tesla is calculated to be ~ 1.7mT.
The observed magnitude of Ma Is consistent with this interpretation.
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Fig. 3 Magnetization data for the 0S1-0.455 mm wire.
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CONCLUSIONS

From these experiments, the following conclusions are drawn: (1) at
low fields the "width" of the hysteresis loop scales with filament diam-
eter down to ~ 1 micron. This Indicates that the magnetization effects
seen In the current SSC Design D prototype magnets would be reduced by an
order of magnitude by using the fine filament conductors with high J at
ST. These wires represent the next generation of SSC conductors. (2)
The Jc degradation seen In wires with filament diameter < 3 ym are
believed to be the result of local "necking" of the filaments caused by
the drawing down of filaments with Cu-Ti compound on their surface or
with micron size inclusions. These geometric defects of the filaments do
not degrade the magnetization properties which reflect the intrinsic
critical current of the filaments. (3) The asymmetry of the M-H curve
can be explained by the presence of the reversible equilibrium magnetiza-
tion of Type II superconductors and should be present even in wires with
large filaments. This contribution to the total magnetization is assumed
to be independent of the hysteretic contribution of the critical state
model, and Is apparent when the critical state contribution in small due
to fine filaments.
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DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any agency
thereof, nor any of their employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or use-
fulness of any information, apparatus, product, or process disclosed, or represents
that its use would not infringe privately owned rights. Reference herein to any spe-
cific commercial product, process, or service by trade name, trademark, manufac-
turer, or otherwise does not necessarily constitute or imply its endorsement, recom-
mendation, or favoring by the United States Government or any agency thereof.
The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.


