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Abstract

An earlier study by Luton and Bonanos (SSCL-N-697) concluded that the design and fabrication of superconducting toroidal
bending magnets would require a major effort but would be feasible In that study, the interaction length and thus the mass of
the magnet were considered to be of secondary importance. This study is an extension to examine the feasibility of low-mass
conductors for such use. It included a literature search, consultations with conductor manufacturers, and design calculations,
but no experimental work. An unoptimized sample design that used a residual resistivity ratio for aluminum of 1360 and a
current density of 3.S kA/cm2 over the uninsulated conductor for a 4.5-T toroid with 1 GJ of stored energy obtained a hot-
spot temperature of 120 K with a maximum dump voltage of 3.6 kV and 24% of the initial current inductively transferred into
the shorted aluminum structure. The stability margin was 200 mJ/cm3 of cable space. Limiting the quench pressure to
360 atm to give conservative stresses in the sheath and assuming that the whole flow path quenched immediately resulted in
helium taps that could be a kilometer apart if the flow friction factor were the same as that experienced in the Westinghouse
QV) Large Coil Task (LCT) coil. This indicates that the 530-m conductor length of each of the 72 individual coil segments of
a toroid would be a single flow path. If some practical uncertainties can be favorably resolved by producing and testing
sample conductors, the use of a conductor with clad-aluminum stabilizer and extruded aluminum-alloy sheath should be
feasible and economical.

Introduction

Particle detectors whose bending magnets are toroidal arrays
of individual coils are of interest for the Superconducting
Super Collider (SSC). In some of these cases, the windings
and structure of the magnet must be designed so that they do
not interfere with the passage of the pundes , so low-density
metals are required. This study investigated the feasibility of
substituting aluminum or aluminum alloy for most of the
copper and steel in a conductor. This was done by consider-
ing the configuration shown in Fig. 1, the present "external"
arrangement of the EMPACT detector. The attempt was to
find a feasible solution, not an optimized one.

Body

One winding configuration used in previous detector mag-
nets, which are solenoidal and smaller than the proposed
magnets, is an array of monolithic conductors epoxy potted
together and cooled by conduction through the potting of the
interfaces to the directly cooled structure. This arrangement
was not considered because of a conviction, based on the
experimental results of the LCT [1], that in a large toroid
such as Figure 1, epoxy disbonding would be likely and the
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heat transfer path would be interrupted. However, pool
boiling and cable-in-conduit conductors performed satis-
factorily in the LCT, and the latter arrangement was selected
for this study (and for an earlier study in which low mass
was not a requirement [2]).
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Figure I. Vertical quarter-section of EMPACT magnet.

The conductor arrived at by this study is shown in Figure 2.
Scaling trends on a plot of current density vs stored energy
indicate that the conductor of Figure 2 has higher perform-
ance than would be expected by extrapolating the data for
the existing indirectly cooled detector magnets to the 1-GJ
level. The strands within the area of the cable labeled D M P
have cores that are SO mil in diameter. These cores have
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muyafilamentary NbTi superconductor embedded in a
copper matrix and can be fabricated with standard industrial
techniques. Aluminum was not substituted for this matrix
copper because earlier attempts to develop this technology
were unsuccessful. The copper-to-superconductor ratio is
1.3, to match that of the SSC inner-layer strand. Around
these cores is a layer of high-purity aluminum cladding that
is used as a stabilizer, bringing the strand diameter to 75 mil.
This cladding has been done on individual strands on an
experimental basis by industry [3] and on a larger scale in
cladding flattened cables for use in earlier detectors. Around
the central part of the cable is an annular layer of pure
aluminum strands. These provide additional aluminum for
quench protection, at lower cost than it could be provided in
the cladding, especially since it is suspected that fabrication
difficulty would increase greatly if the core diameter were
made smaller or the cladding thicker. The annulus also pro-
vides protection to the superconducting strands if helium
penetrations are to be made through the conduit walL The
square conduit that surrounds the cable provides leak-tight
helium confinement for the supercritical helium in which the
cable lies. In a mulutum winding, it also is a structural
member that carries transverse compressive load applied by
adjacent tumv Therefore, the corners of the conduit are
rather sharp to avoid bending stresses in the side wall, which
acts as a column. The sheath can also support longitudinal
tensile loads. The foil between the cable and conduit is for
protection during manufacturing.
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Figure 2. Conductor cross section.
Volume fractions: Al alloy, 0.405; foil, 0.009; Cu, 0.075;

NbTi, 0.058; Al, 0.277; He, 0.176.

On the basis of the existence of aluminum-sheathed cable in
the electrical industry (although the requirements are differ-
ent) and on conversations with the Wendelstein VII group
[4], extrusion of the sheath is believed to be feasible and
economical. Two alternatives do exist produce one or two
sheath welds the full 59-mile length of the conductor, or pull

the cable into the 530-m straight lengths of sheath and then
compact it to the proper void fraction. The first technology
was established during the LCT program for a steel sheath
but not for aluminum, which must also be a strong alloy
suitable for cryogenic service. The second has been done for
a400-m length of 40-kA cable, again in a steel sheath [5].

The circular shape of the cable in Fig. 1 is convenient but
not necessarily optimal. For example, if the cable were
squarish, the size of the sheath could be reduced somewhat,
increasing the current density of the winding and decreasing
its radiation thickness.

Five literature examples of practical experience with the
resistivity of high-p'irity clad aluminum were examined. The
post-extrusion residual resistivity ratio lay between 1360
and 2000. A resistivity ratio of 1360 was assumed for this
study because it appears to be practicable and because
Thoner [6] has provided convenient data for the resistivity
as a function of field. His resistivity values of 5.0 and
5.1 nQ*cm for fields of 1.5 and 4.5 T are for unstrained
annealed material. However, at the spots where strands cross
one another, some amount of plastic defonnation is expected
because of cabling, and the deformation may well be
increased by the sheathing operation or by the magnetic
forces, since the yield strength of pure annealed aluminum is
only 2 to 3 ksi even at cryogenic temperatures. Hartwig [7]
indicates that a residual plastic strain of 4 to 6% would add
another 4 nQ«cm to the resistivity at the affected regions.

The enthalpy of aluminum, although somewhat larger than
that of copper on a weight basis, is lower on a volumetric
basis by a factor of 2.5 at 100 K. This has a direct impact on
the hot-spot temperature reached as a result of quench, as
indicated in Figure 3. Here Y is the density, Cp the mass
specific heat, p the resistivity, JQ the current density at the
start of the dump (quench), and td the dump time constant
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Figure 3. Hot-spot integral vs hot-spot temperature for
copper, aluminum, and a small magnet containing 47% Cu,

23% NbTi, and 30% resin (adapted from Ref. [8]).
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Not only is the aluminum worse than even the relatively im-
pure copper, but also the integral goes up relatively slowly
alter the temperature reaches about 150 K. Thus, it is more
profitable to try to decrease td than to let the hot-spot tem-
perature rise without bound. In turn, Td depends on the
stored energy, the conductor current by way of inductance,
and the dump voltage that the winding can withstand.

The 2.9 GJ of magnetic stored energy would not be a
problem if it were evenly distributed over the windings.
However, with a large coil that is stable this is difficult to
achieve. An alternative is to provide an external dump re-
sistor to absorb the energy. The enthalpy of the sheath is as
large as that of the strands, and both are considered, since
the experience with the W LCT coil was that the sheath was
immediately heated. Experience with that coil also showed
that at the start of a dump about 24% of the current in the
conductor was immediately inductively transferred to the
shorted aluminum structure and that this transfer was cal-
culable if the coupling coefficient and the time constants of
the two circuits were known [9]. With a hot-spot tempera-
ture of 120 K, the required dump time constant is 19.S s, and
the toroid voltage is 3.6 kV. This is an acceptable value for a
forced-flow coil since the electrical insulation is solid and
completely encloses the conductor.

For forced-flow conductors, the pressure reached within the
sheath when a quench occurs must be considered. For a
fixed field of 4.5 T and the flow friction factor observed in
the W LCT coil, if we assume that an entire flow path
quenches in a time much shorter than Z4, that the current can
transfer from the multifilamentary strands to the aluminum
overwrap strands in a time short compared to 14, and that
manufacturing limitations prevent a strand diameter smaller
than 75 mil, then with structural considerations limiting the
quench pressure to 5.3 ksi (360 atm), the allowed length of
individual flow paths is =4000 m. A length of 530 m was
chosen to give some margin and to match the length of
conductor in an individual coil. The limit on quench
pressure came from assuming that the stress in the sheath
walls due to that internal pressure is added directly to the
magnetic load in the walls, a very conservative assumption.
This sum was allowed to be 48 ksi, which is two-thirds of
the presumed yield strength of the aluminum sheath material
when cold. The Wendelstein VII Group [4] is considering an
alloy similar to the US 6082 aluminum and is anticipating a
yield strength of at least 72 ksi.

The stability margin is defined as the maximum heat per unit
volume of cable space that can be introduced into the con-
ductor and still have it recover. For a conductor such as ours,
with ample cooling surface and flow induced in the helium
by the r-R losses in the stabilizer, the stability margin can be
approximated by the enthalpy available in the helium. For
this calculation, we assume 0.5 K of headroom ovc the
4.5 K operating temperature, giving a helium temperature of
5 K. The field and current density of the NbTi are such that
the current-sharing temperature is 5.88 K. To raise all com-

ponents of the conductor to this temperature would require
about 200 MJ per cubic centimeter of cable space. Reference
[2] gives the rationale for believing that 150 MJ per cubic
centimeter would be acceptable. The ratio of design currem
to critical current of the superconductor is 0.50. The ratio of
limiting current to design current is greater than 3.

Conclusions

The conductor proposed for a radiation-thin toroid for an
SSC toroidal detector is substantially and qualitatively
different from the aluminum monolithic conductors used in
existing detectors and from the forced-flow conductors of
the fusion program. Conductor development is needed be-
fore designing the toroid to avoid schedule delays and inter-
ruptions of coil or conductor fabrication, to avoid increased
cost and decreased performance as increased conservatism is
required by the absence of needed data, and to reduce the
risk of failure due to surprises. With successful completion
of a development prog'.am, forced-flow conductor with pure
aluminum stabilizer and aluminum-alloy sheath should be
both feasible and economical for use in ironless toroidal
magnets for SSC detectors.
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