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ABSTRACT 

Presented here is an overview of the LLNL High-
Field Superconducting Magnet Development Program wherein 
the technology is being developed for producing fields 
in the range of 15 T and higher for both mirror and 
tokaraak applications. Applications requiring less field 
will also benefit from this program. In addition, 
recent results on the thermomechanical performance of 
cable-in-conduit conductor systems are presented and 
their importance to high-field coil design discussed. 

Superconducting magnet development at Lawrence Llvermore National 
Laboratory (LLNL) Is firmly linked to the needs of the U.S. Magnetic Fusion 
effort. For many years, the need for solenoids producing 18 to 21 T for the 
Mirror Program has been recognized. But recently, the tokamak program has 
shown renewed interest in very high fields, and at least one machine design 
has called for a 15 T solenoid at the center of the machine for plasma 
shaping.' 

Other features of the LLNL program are equally as important. LLNL has 
been a leader In emphasizing the need for higher current densities and for 
higher radiation tolerance in all superconducting magnet applications for 
fusion machines,2 features that allow the magnet.* in particular and the 
machines in general to be smaller, less massive, and less costly. 

The performance goals for superconducting magnets in the updated 
TIBER II design' typify the drivers for the Superconducting Magnet 
Development Program (SCMDP) at LLNL. In this machine design, the plasma 
shaping or "pusher" coll must produce around 15 T with an average winding 
pack current density of about 10 A/mn 2. Stored energy for this coil would 
be on the order of 200 MJ. The toroidal field (TF) coils present an equal 
or greater challenge. They will store over 300 MJ each and produce 12 T 
maximum field with a winding pack current density of about 10 A/mm2, while 
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accepting significant radiation exposure (corresponding to a peak heat load 
In the winding at about 5 raW/cm' of metal). 

For a perspective on the aggressiveness of these design goals, we may 
note that at LLNL the High-Field Test Facility (HFTF) coll, a 50 MJ coil, 
was recently operated alone to 11.3 T with 33 A/mm" in the windings of the 
Nb,Sn insert. Subsequently, a "12-T Program" module coil provided by 
MIT/PFC was tested to 11.7 T with nearly 35 A/mm* In the winding pack. 
Similar performance in large magnet colls has been achieved at other 
laboratories. The LLNL/SCMDP plans to push this frontier to accommodate the 
future needs of the magnetic fusion program by attacking the problem on four 
key fronts: 

1. We are seeking improvements In currently available superconducting 
materials and supporting developments of "next generation" 
materials that show special promise; 

2. We are actively developing advanced cooling and stabilization 
techniques that permit higher pack current densities than the more 
common bath-cooling techniques; 

3. We are exploring various winding pack optimization schemes that 
enhance the overall average winding-pack current density; and 

4. We emphasize increased radiation tolerance in all aspects of the 
development process to ensure maximum realization of performance 
goals by allowing the coil windings to be located as close to the 
plasma as possible. 

For the near term, we are emphasizing Ti-modified Nb,Sn as the 
superconductor of choice for applications above 12 T. Conventional Nb,Sr> 
may have some benefit, both in critical current density and radiation 
tolerance around 12 T and below. The performance of both materials Is quite 
sensitive to mechanical strain, more so the higher the field.'' Of the A15 
superconductors that have been examined,* Nb,Al is the least sensitive to 
strain, and when fully developed, it should have other performance 
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advantages over Nb,Sn, We are providing some support at LBL for the 
development of this superconductor.* in addition, we have a small effort to 
examine the feasibility of producing oultifilamentary NbN composites. In 
this work, we presently are focusing on a possible method for Incorporating 
fine filaments in a stabilizing matrix by a process that infiltrates a 
bundle of NbN-co«.ted high-strength fibers with a molten metal (Cu or Al).' 

Our present emphasis in cooling and stabilization centers on the cable-
in-conduit conductor (CICC) system. This choice allows us to focus on a 
particular set of materials and fabrication problems. We continue to be 
interested in reduced temperature operations, even to He-II temperatures, 
but for how within the context of benefits to the utilization of the CICC. 

Of particular interest to us in characterizing the CICC system is the 
complex thermooechanical and electromechanical behavior of the MF-Nb,Sn 
composite strands inside the steel sheath, previous work has verified 
expectations that the differential cooldown strains of the component 
materials from reaction temperatures (-1000 K) to operating temperature 
(-t K) would leave the Nb,Sn filament under net compressive strain and thus 
with submaximua critical current.7 The original experiments also showed 
variation with cable void fraction of cooldown-strain-imposed degradation to 
the critical current, the degradation increasing uniformly as void fraction 
was reduced. A weakness of this study was that relative degradation was 
quantifiable only by comparison to a separately processed single strand of 
wire that was known to have significant property variation. 

In present investigations of very similar CICC systems, we have 
attempted to eliminate uncertainties in quantifying cooldown strain imposed 
critical current degradation by measuring critical current over a range of 
externally applied loads and comparing the critical current at initial 
strain to the maximum value obtained vs. load. Conductor properties 
variation and other systematic errors incurred by comparison to a separate 
standard are thus eliminated. Figure 1 shows the ratio of initial to 
maximum critical current for CICC's with four different void fractions. 
Also on the same plot is data from Ref. 7, replotted in the present format 
by assuming single-strand data resulted from wires with 0.3J compressive 
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prestrain in the filaments. Other data correspond to an Incoloy 903 
sheathed conductor fron the present study and a JBK-75 sheathed conductor, 
with three tines as many strands, from a previous work* that used quite 
similar techniques to the present work. 

' information of these themoaechanical effects and the resultant 
prestrain conditions is insufficient by itself for prudent design with Nb,Sn 
in a CICC. Next, we must quantify the important electromechanical effects, 
namely, what is the final strain of the superconducting filaments at 
operating current and field when the CICC is used in a winding that takes 
full advantage or the sheath for structural support against the very high 
hoop loads typical of a large coil. We are preparing CICC samples to be 
formed into a 0.3-m dia. loop for testing In HFTF (11 T at the test 
conductor) to examine this aspect. The samples will be configured to be 
essentially radially unconstrained over the test length, so that testing to 
critical current with current direction, alternately adding and opposing the 
background field, gives a variation of operating strain. Separate 
measurements to determine critical current vs. strain for wire and initial 
cooldown strain of the CICC will allow us to use this measured variation of 
critical current to extract a variation of filament strain with hoop loading 
of the CICC. 

In the next years, we plan to use the knowledge obtained in our high-
field coil development program first to design and build a small Insert to 
HFTF using the CICC concept. Intensive testing of this insert (to fields as 
high as 15 T) and selected small-scale testing will provide the further 
information needed to design and build a larger insert, one that will 
replace the present Nb,Sn coils of HFTF. This coil will be 0.4-m l.d. x 
1.0-m o.d. and also will produce nearly 15 T. This coll will then be tested 
to higher fields as part of a Multipurpose Coil Cooperative Development with 
MIT/PFC, who will provide a 10-T outsert coil. These steps will adequately 
demonstrate the technology requirements for a 15-T plasma shaping coil and, 
by synergism, demonstrate the superconductor technology appropriate for many 
other fusion applications. 

This work was performed under the auspices of the U.S. Department of Energy 
by Lawrence Liver-more National Laboratory under contract No. U-7405-Eng-48. 
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Figure 1. Ratio of initial critical current to maximum critical current vs. 
void or Hi fraction in various CICC's: Curve 1, data on a JBK-75 sheathed 
conductor from Ref. 7; Curves 2 and 3, recent results from tensile tests on 
JBK-75 sheathed conductors similar to those from Ref. 7 (sensitivity 
5-10-1* Q-m and 3«10-*J a-m, respectively);!, result froa Ref. 8; *, recent 
result from tensile test of an Incoloy 903 sheathed conductor. 


