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INTRODUCTION
The High Field Test Facility (HFTF).. which consists of a set
of superconducting coils and associated support equipment, waa
constructed and successfully teated at the Lawrence Livermore
National Laboratory (LLNL). The superconducting coils in this
facility consist of an outer solenoid wound from Nb-Ti conductor
and an insert solenoid with cryogenically-stabilized multifilamentary Nb3Sn conductor, cooled by pool-boiling liquid helium.
The outer solenoid, which cOnaists Of fOur cOaxial .m~dules ~
has a clear bore of 1 m, an outer diameter of 1.78 m, and a winding
length of 1.23 m and produces a nominal 8-T background field for the
pair of Nb3Sn insert coils. The Nb3Sn coils have a clear bore
Of 40 cm and a tOtal winding length Of abOut 40 cm. The original
HFTF design goal of a 12-T peak field was 10wered tO 11.2 T because
Of conductor manufacturing prOblems, which were eventually sOlved
but nonetbelesa cauaed a shortage Of cOnduct Or. The Nb-Ti cOila
have been discussed in previous publications. 1 $2 The Nb3Sn
coils will be discussed in this paper.
This project was undertaken: (1) to establish manufacturing
capability for a high-current, cryostable Nb3Sn conductor for the
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fusion
program,
(2) to evaluate the conductor design with
regard to manufacturability, windability, and cryostability,
and (3) to provide a facility for testing insert coils of “p to 1 m
outer diameter at approximately 12 T.

mirror

COIL CONSTRUCTION
The Nb~Sn conductor is shown in Fig. 1. Details of
manufacturing the Nb3Sn core were previously published.3 The
overall dimensions are 11.1 x 11.4 nun2. The conductor is constructed of half-hard copper stabilizer strips soldered to the
reacted superconductor core with 60/40 Pb-Sn solder. Transverse
grooves are embossed in the copper strip to provide internal
passages for helium flow. The solder was electroplated onto the
stabilizer; a thickness of 0.12 nun gave a good bond and a minimal
amount of channel blockage.
Soldering was performed at 300 C in a
tube furnace with a dry nitrogen atmosphere. During practice
winding, severe delamination at the solder bond occurred. This
problem was solved by adding a solder premelting step, which removes
gases entrapped during electroplating, and by cleaning the Nb3Sn
core with COPPER-NU prior to soldering.

Nb,Sn filmmta
‘
5.4nm X11nmIC0M
with 18 strati,

Fig. 1.
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The cryogenically stabilized Nb3Sn conductor used
in HFTF. The design operating current is 5 kA at
12 T.
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The Nb3Sn coils were wound in a double-pancake fashion to
eliminate joints at the inner radius. The coil winder is shown in
Fig. 2. A winding tension of 180 to 300 kg was used tO ensure that
the coil had minimal gaps. The double-pancake winding, while
eliminating many joints, had the disadvantages of making the toOling
somewhat complicated and of making it difficult to prevent reverse
bends i“ the conductor during winding, especially during loading Of
the “carry” spool and in making the first turn.

Fig. 2.

The HFTF coil winder. Note the axial clamps and the
cantilevered arm for the “carry” SPOO1 .

We must
emphasize
that this conductor was originally intended tO
serve as a pre-prototype conductor for a large-bore mirror fusion
magnet and was consequently subjected to more bending strain than
would normally be considered prudent. A critical phase in our
winding process occurred when the conductor was straightened , as for
example during unspooling.
During this operatiOn the Outer-fiber
be”di”g strain ranged from 0.4% to 0.8%, because the conductor was
spirally wrapped on the supply spool . It is difficult to determine
accurately the strain in the conductor, but it is estimated that the
inner turns of the coil had a bending strain of 0.3%., The
additional hoop strain due to magnetic loading is 0.15%.
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Turn-to-turn insulation was provided by 1.3-mm-thick epoxyfiberglass (NSMA G-10) strip, grooved and punched in a ladder
fashion to allow transverse helium flow. Approximately 70% of the
external vertical surface of the conductor was open to the liquid
helium. Layer-to-layer insulation was provided by 1.3-mm-thick
NEMA G-10 sheet, perforated with slots 0.47 cm wide x 3.8 cm long.
This allowed approximately 50% of the horizontal surfaces to be open
to the liquid helium bath.
The pancake-to-pancake joints consist of three sets of clamps .
Two sets of stainless steel clamps with serrations are used to
mechanically connect the conductors. A copper clamp, lined with
iridium foil , is used as the electrical connection. Figure 3 shows
a stack of pancake windings and the joints on the outer radius.

Fig. 3.

One of the HFTF Nb3Sn modules with all the pancakes
wound. The coii connections are all made on the
outer radius .

Several
with heaters
measurements
0.89-mm-wide

turns in the high-field region of each coil were fitted
and voltage taps for stability and for critical current
. The heaters wet-e constructed of 0.025-mm-thick by
Nichrome foil strips sandwiched between two pieces of
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0.05-mm-thick Kapton sheet. The heaters were manufactured so they
could be bonded to the upper horizontal face of the Nb3Sn core.
Strain gage adhesive bonded the heaters to the conductor.
An
overcoat layer of fiberglass-reinforced flexible polyurethane was
applied over all electrical connections to seal out moie.ture a“d
provide electrical insulation.
/

‘

One outer turn of each coil module was fitted with strain gages
to compare the measured load on the conductor and joints with the
predicted values. The gages were applied using AE-10 adhesive and
LLNL-developed techniques for cryogenic application.
In addition,
six joints were fitted with linear displacement potentiometers to
measure any conductor slippage. Voltage taps were soldered to all
the joints to allow a measurement of joint resistance.
The outer radius of the modules was finished off by inserting
NENA-G1O blocks in between the pancake-to-pancake insulation
sheets to prevent the conductors from shearing the interpancake
insulation.
Figure 4 shows the completed coil module being
inserted into its stainless steel case. The conductor is fully
self-supporting; the coil case serves to attach the Nb3Sn modules
to the bore of the background coils. The G-10 blocks at the top of
the coil are used to replace six pancakes which could not be wound
because of a shortage of acceptable conductor.
Figure 5 shows the completed HFTF coil aasembly, ready
for installation in its cryostat, behind the members of the
superconducting-magnet group.
COIL TESTING
The coil was installed in the cryostat, and the system was
alternately evacuated three times with a mechanical pump and
backfilled with pure helium gas to remove contaminants that would
In addition, during the
cause blockages in the helium refrigerator.
initial stages of cool-down, we used a gas chromatagraph analyzer to
determine when the gas was pure enough (25 to 50 ppm impurity) to
return to the compressor suction, rather than bypassing to the
recovery system. With these procedures , no problems with blockages
The system was cooled to about
during cool-down were encountered.
20 K in 120 hours and the coils were submerged in LHe by
transferring from a 10,000-litre storage Dewar.
The Nb3Sn system was open-circuited and the operation of the
Nb-Ti background coils was verified by charging them to their design
current of 1200 A. The Nb3Sn coil was then energized tO its
design current of 5000 A while the background coils were charged
to 50 A. The background coils could not be open-circuited during
these checkout runs, because an excessively high voltage would be
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Fig. 4.

The coil module for HFTF being inserted into tbe coil
case.

developed in them. The small current was applied to prevent any
reverse currents being induced in the background coils.
Although the system in general checked out, we discovered
that noise, of sufficient amplitude and duration to cause the
vapor-cooled lead fault detectors to trip the system, was generated
when the heaters were pulsed. ‘his condition was only observed when
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the coils wet-e superconducting and is presumably due to details of
wire placement somewhere in the cryostat. To allow us to run heater
pulser tests, we added filtering to the vapor-cooled lead fault
detector system and grounded the heater power supply.

Fig. 5.

The HFTF coil system ready for installation in the
cryostat.

L

During the first run-up of the complete system, we observed
random low-level voltage spikes on the various pancake voltage
taps until a peak field of 5.05 T was attained. At this field value
a large amplitude spike was observed, after which the voltage taps
became quiescent . If we assume the voltage spikes are due to
conductor motion, it appears that little or no conductor motion took
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place after some significant conductor movement at 5.05 T. Charge
and discharge behavior indicated there were no shorted turns in the
system. Subsequent charging cycles were also noise-free, indicating
little conductor motion.
Next, the system was charged to 11.05 T, alternately charging,
pulsing heaters , and observing the recovery of the created normal
zone. At 11.05 T, which corresponds to 1200 A in the background
system and 5000 A in the Nb3Sn system, a nearly stable normal zone
was created. The heat flux at this operating point was 0.38 W/cm2.
The maximum field attained was 11.4 T, which corresponds to
1200 A in the background coils and 5300 A in the Nb3Sn coil
system. At this point, a voltage corresponding to approximately
2 x 10-6 V/cm was detected on the high-field turns, indicating
that the superconductor was starting to become resistive. This
corresponds to an effective resist ivity, based on the non-copper
area, of 5 x 10-11 $1.cm. Although an accurate comparison is
difficult to make because of the strain dependence of critical
current, there appears to be qualitative agreement between these
measurements and previous short-sample results.
TESTING RSSULTS
The signals recorded for the heater pulse test at 11.05 T are
shown in Fig. 6. The 35-cm-long normal zone had an approximately
zero-recovery velocity (i.e. , the cold-end recovery stability
limit). Baaed on the total available cooling area, the
corresponding heat flux is determined to be 0.38 W/cm2. This
value. which is hiizher than the value normallv used for Nb-Ti
conductors , can be explained using the equal -~rea theory of Maddock
et FI1.4 Essentially, the relatively high critical temperature Of
Nb3Sn accounts for this high heat flux.
Because of their unconventional design, tbe HFTF conductor
joints were monitored with displacement transducers and voltage
taps. No conductnr slippage was detected on the jointa with the
displacement transducers. The joint resistance at the peak field
was approximately 3 x 1o-8 0 , which is in good agreement with
the expected value.
SUNNARY
Despite the high atraina imposed on the Nh3Sn superconductor
by the relatively small inner diameter of the coil, the HFTF was
operated above its design field to 11.4 T on two separate
occasions.
By observing the recovery of a normal zone created by a
heater pulse, we determined the heat flux corresponding to the
cold-end recovery stability limit to be 0.38 W/cm2. A resistive
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Fig. 6.

The normal zone created by the heater pulse recovers
The heat flux for tbe fully normal
very slowly.
conductor is 0.38 Wlcmz.

onset observed in the high-field turns was in fair agreement with
previous short-sample results. Apparently the cryostability allowed
the coil to be operated with the high-field turns slightly resistive.
Work performed under the auspices of the U.S. Department
of Energy by tbe Lawrence Livermore National Laboratory under
contract number W-7405 -ENG-48.
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