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Absfmd- A high temperature superconducting magnet based 
on Bi-2223 conductor was built at the American Superconductor 
Corporation. The magnet was constructed by a react and wind 
technique using conductors made from a metallic precursor process 
It has a winding ID o f Z 4  mm, OD of 87.6 mm, and height of 1073 
mm. A heater, two thermometers, and several voltage taps were 
built into the high field region of the magnet for stability 
measurements. The magnet generates 1.1 T central field at 4.2 K 
when operating at 1 pV/cm over the entire conductor length, - including all the joints. Stability measurements were performed in 
backgound f i b  up to 2.5 T from 4.2 K to 77 K Stability margins 
more than 2 orders of magnitude higher than a low temperature 
superconductor were observed. 

I. INTRODUCTION 

As a continuing collaborative effort between Oak Ridge 
National Laboratory (ORNL) and American Superconductor 
corporation (ASC) to develop High Temperature Super- 
conducting (HTS) coils for electric power applications a solenoid 
magnet was constructed which produces over 1-T field at 4.2 K. 
The magnet was sized to fit inside the existing lO-cm bore 
variable temperature dewar at ORNL. 

A second goal of the task was to have the magnet instrumented 
for stability measurements of a HTS coil winding. Namely, heater 
and voltage taps must be included in the winding to facilitate 
stability measurements. The magnet was designed, built, and 
instrumented at ASC and tested successllly from 4.2 K to 77 K 
with background fields of up to 2.5 T at O m .  

II. MAGNET FABRICATION 

The magnet was designed to fit inside the lO-cm bore variable 
temperature cryostat and a 2.54-cm winding ID was chosen as 
small enough to produce the required 1 -T field and big enough not 
to strain-damage the conductor. A react and wind approach was 
adopted to allow the installation of the instnunentation and ease 
of applying insulation. This technique permits the use of 
commercially available insulation material and the selection of 
conductor with suitable performance level before winding a 
pancake. The high temperature superconductor used for the 
magnet winding was Bi-2223 /Ag tape manufactured with a 
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TABLE I 
PARAMEEKOFTHE I-TMAGNFT 

~~ 

Winding Dimensions ID 
OD 
Length 

Overall Dimensions 

Tape Conductor 

Number of double pancakes 

ID 
OD 
Length 

Dimensions 
Total Length 

2.54 cm 
8.70 cm 
10.75 cm 

1.90 cm 
9.65 cm 
13.70 cm 

0.15 mm x 5.33 mm 
575 m 

9 

metallic precursor (Mp) process[l]. The conductor made with 
this process has shorn better strain tolerance[2] compared to that 
manufactured through the oxide power in tube (OPIT) process. 

The magnet is made of 9 double-pancakes of the same 
geometry, placed on top of each other, and connected in series 
electrically. Atotal of 575-mof 0.15-mm thick by 5.33-mm wide 
Bi-2223/Ag tape conductor was used to build the magnet. Table 
I gives the as-built parameters of the magnet. Fig. 1 shows a 
picture of the finished magnet. 

Fig. 1 Aphclograph ofthe I-T magnet. The screw heads on the top plate are the 
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Fig. 2 Instrwnentation layout of the centn double pancake for the stability 
mtasurements. ITS: heater. Ts: thermometer, Q‘s: quench voltage d o n s  

Fig 3 Critical aments of the ma@ as a fundion of tanpaacun at diffsznt 
backgmd fieldn 

The center double pancake contains the instnunentation for the 
stability measurements. A 5-Q resistive heater was placed at the 
crossover between the two pies of the middle double-pancake. It 
is made of a thermofoil of 0.025- thick x 0.317-cm wide x 
5.08-cm long, and was sandwiched between the two-tape 
conductor bundle. Several voltage taps on d v e  turns near 
the heater were added to monitor the quench propagation. Two 
ruthenium oxide (RO) thermometers were also installed near the 
heater. Fig. 2 shows a sketch of the instnunentation for the 
stability and quench measurements of the center double pancake. 

Voltage taps fi-om each double pancake and strain gages on the 
OD of the center double pancake were also provided. 
Terminations of the voltage taps and other instrumentation are 
located on the top plate as are shown by the screw heads in Fig. 1. 

m. MAGNETPERFORMANCETESTS 
Electrical tests of the magnet were performed in liquid 

nitrogen, liquid helium, and gaseous helium h m  4.2 K to 77 K 
In addition to the field produced by the magnet itself, background 
fields of up to 2.5 T were also applied. A Hall probe 
measurement at 77 K found the field factor to be 0.0153 T/A at 
the magnet center. Magnet Critical currents, I, of 13.1 A at 77 K 
and 73.2 A at 4.2 K in self-field were obtained. A 1 pV/cm 
electric field criterion across the entire conductor length including 
all the joints was used At this criterion, the magnet generated 
1.12 T at4.2 Kand0.20 T at 77 K. 

Critical cments of the magnet as a function of temperature 
were determined at Merent applied background fields and the 
results are shown in Fig. 3. At 20 K, the I, was 66 A, which 
generated a 1 .O T center field. At this current, the engineering 
current density of the conductor (including both the HTS filaments 

and the Ag sheath) is 3,900 Alcm2, and the current density over 
the winding space is 2,600 Alan2. With a background field of 
1 T, I, fell to 62 A, which generated an additional 0.95 T field. 
No appreciable coil strain was observed during the entire magnet 
test. Thus the magnet met the goal of generating 1-T field and 
verified the robust MP conductor in a react-and-wind coil 
ConStnrctiOn. 

Voltage taps on the terminals of the double pancakes 
registered the response of each pancake as the magnet was 
charged. Fig. 4 shows au example of the V-I curves of half of the 
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double pancakes of the magnet V,, is the voltage across the 
center double pancake and Vw is the voltage across the i-th 
double pancake above the center one. One sees that the V-I 
m e s  of the individual double pancakes are quite different The 
two double pancakes next to the center one showed resistive 
voltage fmt (and have the lower IJ as the current went up while 
the rest of the double pancakes barely showed resistive voltage 
(and have the higher IJ in this charge. Similar behaviors were 
seen for the lower half of the magnet. Since there is not a clear 
physical reason for this behavior of the Herent pancakes, one can 
infer this result as mostly due to the Merent quality of the 
conductor. If the same electric field criterion of 1 pV/cm was 
applied to the individual double pancakes, the critical currents of 
the double pancakes at 4.2 K in self-field were found to range 
from 65.9 A to 90.0 A. 

- Stability measurements were performed on the magnet using 
the instrumentation installed on the center double pancake as 
shown in Fig. 2. The magnet was iht charged to a certain 
mt, a healing pulse was applied to the resistive heater and the 
voltage and temperature of the magnet near the heater were 
monitored to observe the recovery or propagation of the normal 
zone. 

Fig. 5 shows an example of the heater current and the heated 
zone (QAI-QBl) voltage traces in a stability test run. This test 
shot was made on the magnet at 4.2 K in 1-T background field. 
The magnet was charged to 60 A, then a 4-A heater current was 
pulsed for 150 ms. The heated zone voltage went up and 
saturated the amplifier at 3.3 mV. (The voltage across the 
pancake indicated it went to 25 mV.) After the heat stopped, the 
heated zone voltage disappeared in about 1 s. In this shot, 12 J 
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Fig. 5 Heater p u b  and heated zone voltage traces of a test shot at 4.2 K, 1-T 
backgmund-field and 60 A on the magna 
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as in Fig. 5. 

of heater energy was applied to the conductor. Since the heater 
was sandwiched between the two-tape conductor bundle, all  of the 
energy h m  the heater pulse went to the conductor fust, The 
input e n q  density on the conductor over the heated length was 
150 J/cm3. Fig. 6 shows that in that same shot the temperature 
of the mductor near the heater ( measured by T2 ) went up to 
36 K. After the heat was removed, the conductor cooled back 
down to 4.2 K in a few seconds. Fig. 7 shows the voltage traces 
of the next two zones ( QA2-QAl, QA3-QA2 ) in that shot. 
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Fig. 7 Voltage traces ofthe next two zone as compared to the heatedzone in the 
sametest shot as in Fig. 5. 



Much smaller voltages (5  IC pV) were observed in these two 
zones and they both disappeared before that in the heated zone. 
It is also seen that the voltages in the adjacent zones appeared just 
as soon as the heated zone, indicating that they might be due to 
radial heat CoIlChlction rather than a longitudinal propagation along 
the conductor. 

Stability measurements were made fiom 4.2 K to 77 K, in 
background field of up to 2.5 T, and with currents sometimes 
p a k r  than the critical current defined by the 1 pV/cm criterion. 
Up to 12 Jof heating energy was applied in 300 ms. No sustained 
normal zone propagation was observed in any of the tests. This 
is in line with the predictions of Dresner[3]. Similar non- 
propagating normal m e  behavior was also reported by Bellis and 
Iwasa[4]. Thus a lower limit for the thermal stability margin of a 
HTS conductor was found to be 150 J/cm3 - 2 to 3 orders of 
magnitude highatban a low temperature superConductor[SJ. The 
reason for this high stability margin is thought to be two-fold 1) - the HTS has a high T, and thus a high temperature margin; 
thedore it takes more energy to heat it above the current sharing 
kmpedmq 2) the HTS has a low n-value (3-8) in the V-I curve, 
so that the transition to its resistive state is gradual, and the HTS 
core still shares a good fiaction of the current after it goes 
"nonnal". Thus, the joule heating is low and the conductor can 
more easily recover the superconducting state. 

One should, however not take these high stability margins of 
HTS to conclude that a HTS coil will not quench or be burnt out. 
As is shown in Fig. 4, the individual double pancakes of the 
present magnet do not behave uniformly, and the conductor in a 
pancake may not behave uniformly over the entire length either 
(besides being at different fields). Thus local heating inside a coil 
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can be expected if the coil is not well cooled by liquid Fig. 8 
shows an example of the temperature of the magnet at T2 during 
a current charge in gaseous helium. The conductor was at 4.2 K 
when the ramp started. It stayed below 5 K as the current was 
ramped to 60 A The magnet voltage stayed essentially zero up to 
that point (except for the inductive voltage). Thereafter, T2 
increased rapidly to 32 K as the magnet was charged to 75 A and 
the magnet voltage went to 1 10 mV. T2 stayed at around 32 K 
even when the magnet current was brought back to zero. The 
total ramp time of that nm was 3 minutes. Ifthe magnet current 
was held at a level above 60 A (near the critical current), it is 
conceivable that some local joule heating would continue to heat 
up the conductor and eventually quench the magnet. As a matter 
of fact spontaneous quenches[6] were observed in a pancake coil 
similar to the pancakes of the present magnet. 

v. SuhlhlARY 

g magnet was designed and 
built by ASC and was s u d y  tested in the variable 
temperature cryostat at ORNL from 4.2 K to 77 K and with 
background fields up to 2.5 T. The magnet met all specifications 
and produced 1 T self-field at 20 K. 

Stability and normal zone propagation experiments were 
performed on the magnet No sustained normal zone propagation 
was observed with the heating induced normal zone. Thermal 
stabiitymargin of HTS conductor at temperatures h m  4.2 K to 
77 K and fields up to 2.5 T was found to be more than 150 J/cm3 
- 2 to 3 orders of magnitude higher than a low temperature 
superconductor. One should, however still pay attention to local 
heating in a HTS winding, if it is not well cooled by liquid and it 
is desired to operate it close to its critical current. 
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