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HFTF TEST COIL CONSTRUCTION AND PERFORMANCE 
D.N. Cornish, O.P. Zbasnik, R.L. Leber, D.G. Hirzel, J.E. Johnston, and.A.R. Rosdahl* 

ABSTRACT 
A solenoid c o i l , 105 cm inside and 167 cm out­

side diameter, has been constructed and tested to 
study the performance of the stabil ized Nb-Ti 
conductor to be used in the Mirror Fusion Test 
Fac i l i t y (MFTF) being bu i l t at Lawrence Livermore 
Laboratory. The insulation system of the test coi l 
is identical to that envisioned for MFTF. Cold-weld 
jo in ts were made in the conductor at the start and 
f in ish of each layer; heaters were f i t t e d to some of 
these jo in ts and also to the conductor at various 
locations in the winding. This paper gives details 
of the construction of the coi l and the results of 
the tests carried out to determine i t s propagation 
and recovery characteristics, 

I . INTRODUCTION 

The plasma confinement f i e l d for the Mirror 
Fusion Test Fac i l i t y (MFTF) being constructed at 
Lawrence Livermore Laboratory w i l l be generated by a 
pair of large Nb-Ti superconducting coi ls in a y i n -
yang configurat ion. 2 For these cofTs, a cryo-
s ta t i ca l l y stabi l ized conductor incorporating 
internal , liquid-helium-cooled surfaces has been 
developed.2 To determine the performance charac­
te r is t i cs of the conductor, we fabricated and tested 
a 105-cm i . d . , 167-cm o.d. solenoid made from this 
conductor. 

The insulation system between the pancakes and 
turns of the test co i l is identical to that envi­
sioned for the MFTF co i l so the conductor environ­
ment in the solenoid is representative of that in 
the f i na l c o i l . Normal zones were created by 
ju ls^ ig heaters attached to the conductor: a study 
of the behavior of these zones has established a 
s tab i l i t y cr i ter ion for the conductor in a repre­
sentative environment. 

I I . DESCRIPTION OF COILS AND EQUIPMENT 

Figure 1 shows the solenoid being wound. The 
winding was done in pancake fashion; the G-10** 
epoxy-fiberglass dots that provide turn-to-turn 
insulation and coolant passages were wound in with 
the conductor and the fnterpancafce insulation was 
slotted to give 50% bearing surface. Joints in the 
conductor were made by f i r s t stripping of f the outer 
copper s tab i l izer , then cold-welding the core, and 
f i n a l l y soldering the stabi l izer back on. To 
stagger the discontinuity at the j o i n t , the stabi­
l izer was replaced in two L-shaped pieces, 23 and 43 
cm long. Joints were made alternatively at the 
inside and then at the outside diameter between 
neighboring pancakes as the winding progressed. 
Table I l i s t s parametric values for the conductor 
and test c o i l . 
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Fig. 1 . Various operations in winding the test co i l 

TABLE I 
Conductor and Coil Parameters 

Parameter Value_ 

Conductor: 
Overall dimensions 12.45 x 12.45 i 
Cu/superconductor ra t io 

(9th & 10th pancakes) 6.41 
Cu/superconductor ra t io 

( I l t h pancake) 4.42 
Effective Cu area 

(9th & 10th pancakes) 105.7 mri' 
Effective Cu area _ 

(11th pancake) 101.7 md 

Mass per unit length 1.05 kg/m 
Available external , 

cooling surface 0.0225 m<7m 
Available internal 

cooling surface 0.0592 m /̂m 
Total available cooling surface 0.0817 m /̂m 

Coi l : 
Thickness of interturn 

insulation 1.2 mm 
Thickness of interpancake 

insulation 1.7 ram 
Inside radius J23 .2 mm 
Outside radius 834.6 mm 
Winding length 256 mm 
Total conductor mass 2080 kg 
Winding tension 900 N 

Figure 2 shows the location of the heaters, 
potential taps, and strain gages on pancake 10. 
Pancakes 9 and 11 were simi lar ly equipped, but did 
not have strain gages. 

The heaters were fabricated in three steps: (1) 
A sheet of 0.025*mm-thick stainless-steel f o i l was 
laminated to a 0.076-ntn-thick polyimide f i lm using 
M-Bond 600 adhesive, which was cured at 9 3 ^ fo r 2 h 
with an applied pressure of 1.4 MPa (200 ps i ) . The 
resultant glue l ine was about G.002 mm th ick. (2) 
The sta in less- fo i l was then photochemically etched 
to form the indiv idual , arc-shaped heaters. (3) 
F inal lv , a top layer of polyimide f i lm was glued 
onto the shaped f o i l with the M-Bond 600. This top 
layer had holes near the ends of each heater through 



which connections -;o-jld h» made. This nrry^ss 
yielded a sheet of ei-our,1' heaters fo^ one oancak'% 

117 leu 

Fig. ?. '.^cations nf th'» W t ^ r s 'H I , 
potential t ins 'V I , anq "-.train q-Tj'TS "".J 
on oancakp in . 

Tno heatfrs and strain qau°s si^rr* i-Tid":! to (.-v 
toD face of th i conductor *; i t h AE-10 adhf ive, cir*--f 
at ?4 'C for a minimum of 6 h with an applied pres­
sure of 0.14 MPa (70 ps i ) . The thirkn^ss of this 
qlue l inn was approximately O.Ol i n . 

A coating of Vol an A glass cloth imureqnat'-fd 
wi th PR- 1660-L DO! yu ethane was appl j ed to a l l 
exposed termi nal^; ' heaters, st.rain qiq f j s, and 
potential taps) fnr mechanical strength, insulation, 
and moisture protection. A l?-h cure at ?4'C an^ 14 
'<PA (? psi) w?s used for this honHinq. 

Each main heater .oann^d 3 <ifl " ^rc .mrf was 
about 60 en lonq and ?..? im wide. Th»se heators 
were located 3 to 4 turns out from the nor** t jh^ so 
as to bs in a thermal environment representative of 
that experienced 0/ the b-jlk of the conductor fjundl 0 

and also to he close t i the peak f i e l d . A 10-rm-
long heater was also *"i»ed to the high-f ie ld inint 
between pancakes 13 and 14. By simultaneously en­
ergizing several heaters, e.g. , those on dif ferent 
pancakes, we could create a variety of normal zon^s 
in the coi l -

To measure the s tab i l i t y of the conductor at 
more than one f i e l d , and at the si:m_ time to obtain 
a higher f i e l d than wes possible with the test coi l 
alone, we mounted an additional backing-fipld co i l 
on each side of the t?st c o i l . These co i ls , which 
are part of another f a c i l i t y , were connected in 
series and powered independently of the test c o i l . 
Figure 3 shows the coi l assembly being connected to 
the suspension tutt r - before being lowered into the 
cryostat. 

Cach coi l had a protection system consisting of 
a quench detector, a c i rcu i t breaker, and a water-
coo Ted, stainless-steel res stor. Upon sensing a 
quench, the detectors tripped the c i rcu i t breakers 
and discharged the coi1s through their resistore. 

coi l curret^ in '.*-:m ' i n t ' l r-jthPr t^- normal ẑ r=.» 
oropaaat.xf or th* heater on-'. iw reach^-j *"h~ a^'«i-
trarv l im i t of 700 ns. ! f T.his 1 i ni t /J3S reached 
without normal-z'ine propagation, we thei inrreasp-rt 
the test-coi l current and zpoWfd anot'^- series of 
P'jls^s to the- heater<. 

Figure '< shows the rr-enjf-rv -v.'l ir-in-i^a^ ion 
velocit ies as a function of 1'f1 heating io the 
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sta.bi l^er. Hata f f>- various V>-^ ••-'or-q h^ii'T 
arrangements irq prer-ented. The velocity fs 3 Host 
independent -""f the length of the -in•* t = ="! nnr-ps* 7on^ 
'ov"-r this rqnge), and the f " i t i r a 1 heat nenerat*•'•'• 
is 1.5 W/cn. This C0Tf}sai:n^ t«; a h^at f^ jv , ^. 'e:-
aged over a l l cooling surfaces, o* 0.19 'A!ry'. 
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' i ts. 

r inn re ^ *t*"!',wt; ^ he pp;='<-Mftld -ind hi-»a*ed-' 
toad If"e$ f">r -.he t ^ i t - c n t f : n ! - ! a'nne a-it: : 
with th« f i p l d 'rcr^as^o *,v "he bar*-:^ m i l * , 
condition r f zero Drop^Tf'Vor, ."• lor i t ' / d^ i ies 
s tab i l i t y -mit; the »/t--ar^1 at ; -fn (-lathed *• 
assumes a .-onstarst r.r i t ical h-̂ at nonpr^t-io" ~-f 

W/r/*i and allows for the " c f f-cts of rn;5r]r:r.t-<-1re'--"":s''rr-
The lower s tab i l i t y M"iir r̂  fh= v t h r>--'- ,-i' j " ?-
exolained hv the s~aller amount - i * mp^-- in 
core. The f4FTF conduit n«- Is ^ i v ' i ! ir ro *"at r, ; ,1 
pancake -10. 

The behavior of the test rr>11 la? !"•"• e>::? • -v 
u*jint| this stabi l i l y l imit •'c"'tic=': re**-, le-
at'ionV Fnt- example, i r - one exp.f'-i merit *-° V-v 
wern p'.^'i'-d when the oirrept .fas s ' : cht1 *• a^nv* 
s tab i l i t y l im i t . The n^m?1 <-o.]i-m s- jpnat-- ' 
one df rect io" only, spira !ly in.-jv ds ^/.-a-"-, 
h igh-f ie ld region. Afte*- the normal ^ c i m 
prooaaated about a t ' j rn , t ie t o ' 1 current *as ••-:-
down, and soon thereafter recovery sta^t^ri f.-o'-i 
low-f ield end of the no"^al ?one and c-nce-
inward, By the time the current >\ the peaV-M 
point had rirooced to the stabi l i t y value, the r 
had f u l l y recovered. This s-quence tooic ^ 7 s. 
another experiment, *be heater was pulsed when 
current in the heated turn *as wel 1 above 
s tab i l i t y l imi t - In this instance, p-oD-'TaMcn 
in two directions: outward ( i . e . , towards the 
f ie ld) prooagation stopped after i? s wh»i the *• 
generation f e l l to the c r i t i ca l .,'alue; in.-.a*"i p-^ 
gaticn continued into the adjacen': oanca'<e, aid ?' 

y.niMt,' ;*- ' :• . t v 

the t^«;+ - n i ; 'Aiiv ^";'\v 

•'!':,S)Wt*',' 11 '•!'> h.»3t 
pijlse-. Tne <-r>"t TI;-; 

heptcr. Th^ - i t ' i - i l , 
pare x1 1. an i ŝ shc^n 
l i t t l . ' hiqhPr ea^h ' 
M e l l was ^ c T. 

7 ' - :o sr- CH-71S 



' 1 ' 

AAA 

' 1 
o 1 heater 
a 3 heaters 

n — 

— D 

• ° 
A 

A 5 heaters 
& 7 heaters -

-

u 

A A D 

1 

A 

a 

I 

o 

i 

CO 

0 0.2 0.4 0.6 
Reduced field. H /H c 

Fig. 6. Energy required to create a f u l l y 
normal zone. 
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Fig, 7. Operation of the test coi l above the 
s tab i l i t y l im i t . 

A 30-cm-long heater attached to the inner (high-
f i e ld ) j o i n t between pancakes 13 and 14 war used tr> 
study the s tab i l i t y of a j o i n t . At 6.2 T and 6200 
A, the j o i n t did not recover to the f u l l supercon­
ducting state. The equivalent of 23 cm remained 
normal un t i l the current was reduced to 6110 A, at 
which time the current rapidly returned to the 
superconducting core. This 23 cm is the same length 
as the shorter piece of stabi l izer replaced after 
the j o in t was aade. While the inner jo in ts were 
being wound onto the c o i l , they were bent to a 50-ca 
radius, and there was a tendency fo r the solder 
bonding of the replaced stabi l izer to give way at 
the ends. This could explain the lower recovery 
current at th is point. 

Strain gages were attached to the top face of the 
conductor. The stra in caused by magnetic loading was 
very reproducible, and the Maximum attained was on 
the f i r s t turn and amounted to 0.18% at 7.5 T. Dur­
ing each tes t , the measured strain at 2ero-f ield did 
not return to i t s i n i t i a l value. The cumulative 
zero f i e l d s t ra in measured by the f i r s t - t u r n st ra in 

?age increased by 0.32% during th is series of tests, 
t must be emphasized that in th is work a single 

strain gage was used. To define the strain f i e l d in 
the conductor, i . e . , to separate the tensi le and 
bending strains, an additional gage would be needed 
on the opposite face. 

The axial compression of the test coi l under load 
was also of considerable interest. During the wind­
ing process, we had kept a c™sful record of conduc­
tor and insulation thickness at six points around the 
c o i l . The actual f ina l co i l length was measured and 
found to he 6 mn greater than the sum a? a l l these 
dimensions. Tl;s coi l was compressed between steel 
end plates by a r ing of bolts around the inside and 
outside diameters of the c o i l . However, an excess of 
about 1.5 mm was l e f t in the c o i l , and linear poten­
tiometers were attached to the end plates to measure 
any displacement during operation. Readings from 
these did in fact confirm that the coi l contracted 
and relaxed by th is 1.5 nro as the system was ener­
gized and de-energized. 

Conclusions 

Fabrication of the HFTF Test Coil was of great 
value in determining the handling properties of the 
conductor and insulation and the problems of making 
j n s i te jo in ts , and in obtaining preliminary data on 
co i l buildup. 

The conductor s t ab i l i t y was within the expected 
range and was both determinate and reproducible. The 
conductor was docile in that above the s tab i l i t y 
l im i t the velocity of propagation was re la t ive ly slow 
and a reduction in current caused i t to recover i f i t 
were not too far above this l im i t . Propagation was 
l imited to that along the conductor for 10's of 
seconds, and propagation to the layers above did not 
occur unt i l several kilowatts were being dissipated. 
A great deal of detailed information on the behavior 
of both the conductor and the test coi l was obtained. 
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