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INTRODUCTION

There are three important electrical prop-
erties associated with Che superconductor used
to fabricate accelerator magnets. The most impor-
tant is the critical current since this determines
the performance potential of the magnet. The nor-
mal state resistivity and the volume magnetization
are the other principal electrical parameters. In
this report methods for measuring these parameters
are presented and procedures for including self
field affects and raagnetoresistance are discussed.

Critical Current

In a modern superconducting composite the
transition to the normal state with increasing cur-
rent occurs gradually. The resistivity increases
from a level too low to measure thru a region of
very low but finite resistivity until finally the
conductor quenches. For practical purposes the
critical current is defined as the current at
which the effective resistivity is 10~^4 fim (10~
'2 n-cu) since magnets generally will not operate
above this level. To measure the critical current
a sample of conductor sufficiently long to provide
adequate voltage sensitivity (•/'50 cm) is
positioned in a uniform field with appropriate cur-
rent and voltage connections. Care must be taken
to ensure that the sample is adequately supported
to resist mechanical forces and that the voltage
taps are far enough from the current connections
to prevent current sharing effects.

These experimental conditions are relatively
easy to meet when testing individual NbTi compos-
ite wires less than 1 mm in diameter, since a
small auperconducting solenoid can be used to pro-
vide the field and the sample can be mounted in a
groove in a barrel-shaped former. Larger wires or
conductors of very high intrinsic current may be
difficult to test especially at low applied field
where they can require "training" before a suit-
able voltage current relation can be obtained.

Cables formed from a large number of such
wires compound these difficulties since the forces
are much greater and the physical size is much
larger. Also cables have geometrical compli-
cations as the angle between the applied field and
the wide side of the cable must be specified. A
dipole magnet is best for testing cable, providing
both a long region of uniform field and a well
defined applied field direction. Current connec-
tions are usually made beyond the ends of the
dipole in a low field region. The critical cur-
rent of a typical cable (J"10kA @ 5T) requires a
power supply of high capacity. Such supplies tend
to be noisy so that considerable care is needed in
signal processing to obtain clean voltage-current
data. Since cables are so much more difficult to
measure the emphasis of this report will be on

high current conductor tests. The techniques are
the same for wires which can be considered as a
special less demanding case.

Figure 1 shows a voltage-current plot for a
cable sample taken in point-by-point fashion
with the current constant during the voltage read-
ing. The base line is adjusted by the operator to
compensate for small thermal voltages or offsets
arising from imperfect noise rejection. It has
been found empirically that the resistivity can be
conveniently represented by an expression of the
form given in equation 1.

0 = P0l" (1)

In this equation the exponent n, che quality index
or "n-factor", is a measure of the uniformity of
the filaments in the composite.
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Figure 1. Upper: the voltage-current relation
for a typical accelerator magnet cable.
Lower: the LogI - Log P plot used to
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The n-value can be easily deduced along with
the current at 10~ 1 2 ft-cm by line fitting to a log
I vs Log P plot as shown in Figure 1. Deviations
from linearity in such a plot are indications of
filament breakage or other conductor damage. The
data shown in Figure 1 are representative of a
well behaved sample, in this case a conductor in-
tended for use at the HERA project. In many cases
samples must be "trained" by repeated quenching in
order to obtain sufficient voltage to plot a rea-
sonable curve. Unstable performance is most pro-
nounced in cables of high intrinsic current and
low copper to superconductor ratio when the ap-
plied field is perpendicular to the face of the
conductor. The maximum voltage achieved after
training affects the precision of the Ic determina-
tion via the larger signal to noise ratio. In
Table 1 three conductor types are compared for
relative stability.

Table 1

Conductor
Type

HERA

SSC OUTER

SSC INNER

Cu/Sc
Ratio

1.8

1.8

1.3

Training
Quenches

0

<1

6

I (5T)
c

s 8

kA

kA

kA

"max

35UV

25UV

lOViV

The amount of training is strongly dependent on
the copper to superconductor ratio. Surprisingly
the stability does not seem to be influenced by
the normal state resistance (see below).

Once the critical current and n-value have
been obtained as described above they are adjusted
for temperature and peak magnetic field. A temper-
ature correcton is required because cables are usu-
ally tested at slightly elevated pressure to pro-
vide sufficient cooling gas for the current leads.
The bath temperature is measured directly at the
time of Ic determination (see Figure 1). The tem-
perature correction is linear for small tempera-
ture shifts. It is convenient to normalize all
currents to 4.2K for comparison with corresponding
wire results which are measured in liquid helium
at ambient pressure. The critical temperature and
the approximate percentage change in current for
each O.IK change in temperature are given in Table
2 for standard Nb 46.5% Ti alloy.

Table 2

Field Critical Temperature

5T 7.17K

6T 6:71K

7T 6.23K

8T 5.7SK

The correction for peak field effect is somewhat
more complicated and requires calculation of the
field distribution under the actual test
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Figure 2. Upper: the field distribution of a
bifilar pair of cables carrying 8 kA in
a perpendicular applied field of 5T.
Lower: the field distribution of a sin-
gle cable for the same conditions.

conditions. This is illustrated in Figure 2 where
the standard bifilar arrangement of cables is
shown at the top. With the field applied perpen-
dicular to the wide face the peak field occurs at
the edge of the cable and is several kilogauss
higher than the applied field. The lower portion
of Figure 2 shows the single conductor case where
the peak field is even higher for the same conduc-
tor current.
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Figure 3. The self field correction for various
wire sizes.

In the single strand situation a similar peak
field affect occurs. If no correction for peak
field is made larger wires will appear to carry
proportionately less current. This is shown in
Figure 3 where the ratio of critical current den-
sity corrected for self field, Jsf, and the cur-
rent measured at the applied field, Ja, is plotted
agair.st Ja for wires of 0.1, 0.5 and 1.0 mm sizes.
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For very small wires the correction is negligible
but can be considerable for the wire sizes used in
accelerator magnet cables. Evidence for this ef-
fect is shown in Figure h where the current den-
sity of a series of wires is plotted against true
strain after the last heat treatment. The larger
conductors all show lower currents when no correc-
tion is made for the peak field effect but after
adjustment the current density varies smoothly
with strain. Further evidence of the need to com-
pensate for peak field is provided by comparing
the current density deduced from magnetization mea-
surements with that measured directly from the
transport currents. If no correction is made
there is a serious discrepancy between the two cur-
rent densities at low fields.
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Figure U. Critical current vs strain for a series
of wires of different sizes (the wire
size in mils indicated below each
point) the corresponding square symbols
show the current deasity after self-
field correction.

Figure 5 is a summary sheet of the measure-
ments on a typical cable sample. The applied
field and temperature are given along with the
measured value of critical current and n-value.
Calculated quantities are the peak field and the
equivalent current at specified fields and tempera-
ture (in the case of Figure 5 fields o£ 5, 5.5 and
6T at 4.6K).

Normal State Resistivity

The quench propagation characteristics and
the maximum temperature reached during a quench de-
pend on the normal state resistivity of the cable.
The resistance is determined by the amount of cop-
per in the conductor. The copper to supercon-
ductor ratio can be determined by the usual etch
and weight methods or somewhat more easily by
measuring the resistivity at room temperature.
This can be conveniently done in the test fixture
before or after the low temperature measurements.
Using the equation given below the copper ratio,
x, can be determined with considerably accuracy.

x = (1-AR/Psc)/(AR/Pcu-1) (2)
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test, showing the effect of peak field
correct ions.

In this equation A is the total area of the
conductor, R is the resistance in ohm/era and p s c

= P NbTi = 60 x 10~ 6 n-cm, P c u = 1.72 x 10" 6 fi-cra.
A somewhat more accurate value can be obtained if
the residual resistance just above the transition
temperature is subtracted from the resistance at
295K and a copper resistivity of 1.70 x 10"^ £}-cm
is used in equation 2.

The low temperature normal state resistance
can be measured as a function of field by
initiating a normal zone in the conductor with a
spot heater and observing the potential developed
across a gauge length as the quench front propa-
gates along the cable. The longitudinal quench ve-
locity at different currents and fields can be
deduced from the same test. Considerable varia-
tion in the low temperature resistance is possible
even for cables with the same copper to
superconductor ratio. This is illustrated in
Table 3 where a cable formed from annealed wire is
compared with identical cables made from cold
worked wire, one of which has been annealed after
cabling.
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Table 3

Cable Type

Annealed
Before Cabling

Annealed
After Cabling

No Anneal

R(10K,OT) R(7K,5T) R.R.R.
Ufl/cra uH/cm R(295)/R(10)

0.34

0. 13

0.73

0.70

0.55

1.00

83

216

40

The effect of magnetores istance is evident in
Table 3. The cable wi h a high residual resistivity
ratio (R.R.R.) shows a much greater increase in
resistivity than the cold worked sample. Despite
the effect of field on conductivity the annealed
cable has a significantly lower resistivity at 5T
than the other conductors. Critical current tests
on ^hese cables gave virtually indistinguishable
results. None of the samples "trained" and all
of them operated at voltages above 30 uV. This is
rather remarkable in view of the data of Table 1
which -ndicates a strong dependence of unstable
performance on copper to superconductor ratio and
implies that the thermal properties of the copper
may be more important than the electrical conduct-
ivity. A very small change in the copper content,
from 57% in the case of 1.3:1 composite to 6'»% for
1.8:1, seems to have significant effect on the be-
haviour of test samples.

Superconductor Magnetization

The volume magnetization of the supercon-
ducting windings in an accelerator magnet can have
a significant effect on the field shape at injec-
tion. The width of the magnetization curve is
given by equation 3.
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Figure 6. Magnetization as a function of filament
size for high Jc conductors.

interfilament spacing has been reduced below 0.5
micron. At injection field levels the filaments
appear "coupled" resulting in unusually high
magnetization. This is illustrated in Figure 7
where a conductor with 2.8 micron filaments is
plotted at a magnetization ratio of 13 compared to
the standard value of 5.

2P M = 2U
o o 3T cd

18 I-

4
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In this equation Jc is the cur.ent density in the
superconductor at the field of interest, \> is the
fraction of superconductor in the composite and d
is the diameter of the superconducting filaments.
Reducing the filament size will reduce
magnetization directly provided the relationship
of Jc with field is kept constant. The width of
the magnetization curve for a variety of filament
sizes is shown in Figure 6. The dashed line in
this figure represents the theoretical result for
conductors in which the critical current at injec-
tion (0.3T) is five times the current density at
5T. This ratio, derived by comparing the effec-
tive current density at low field deduced from
magnetization with the current density at 5T
measured directly crom the transport current, is
useful in comparing different conductor types. If
the low field J is unusually high the effect will
be equivalent to having larger filaments so care
must be taken during processing to ensure that the
full benefit of reduced filament size is achieved.

A new problem has been observed in recent
very fine filament composites where the
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Figure 7. The magnetization ratio plotted against
filament size for conductors of differ-
ent filament spacing. Ratios above the
aashed line indicate coupling between
the filaments at injection.

Other samples with filament spacing.; as small
as 0.25 micron have shown magnetization ratios as
high as 37. The fabrication of superconductor for
accelerator magnets is a complex balance of
conflicting requirements. The current density
must be high to guarantee the highest possible
field. The magnetization must be low to minimize
injection problems. The copper to superconductor
ratio must be held within narrow bounds and the nor-
mal state conductivity controlled. All this of
course must be done at low cost.
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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.


