
1 
ORNL-TM-3887 I 

EXPERIMENTS O N STABILITY OF NbgSn RIBBONS 

K. R. E f f e r s o n 
H. M. Long 

t i 

OAK RIDGE NATIONAL LABORATORY 
O P E R A T E D BY U N I O N C A R B I D E C O R P O R A T I O N • F O R . T H E U . S . A T O M I C E N E R G Y C O M M I S S I O N 



OBNL-TM-3887 

C o n t r a c t N o . W - 7 I l - 0 5 - e n g - 2 6 

T h e r m o n u c l e a r D i v i s i o n 

N O T I C E 
This report was prepared as an account of work 
sponsored by the United States Government. Neither 
the United States nor the United States Atomic Energy 
Commission, nor any of their employees, nor any of 
their contractors, subcontractors, or their employees, 
makes any warranty, express or implied, or assumes any 
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus, 
product or process disclosed, or represents that its use 
would not infringe privately owned rights. 

EXPERIMENTS ON S T A B I L I T Y OF N b ^ S n RIBBONS 

K . R . E f f e r s o n a n d H . M . Long 

JUNE 1 9 7 2 

OAK RIDGE NATIONAL LABORATORY 
Oak R i d g e f T e n n e s s e e 3 7 8 3 0 

o p e r a t e d "by 
U N I O N CARBIDE CORPORATION 

f o r t h e 
U . S . ATOMIC ENERGY COMMISSION 

[ P r e s e n t e d a t t h e 1 9 7 2 A p p l i e d S u p e r c o n d u c t i v i t y C o n f e r e n c e a n d s u b m i t t e d 
f o r p u b l i c a t i o n i n I E E E C o n f . R e c o r d , I E E E C a t . N o . 7 2 CHO 6 8 2 - 5 T A B S C . J 

DISTRIBUTION OF THIS DOCUMENT IS UNLIMITED 
G S r 



EXPERIMENTS ON STABILITY OF HbjSn RIBBONS* 

K. R. Efferson and H. M. Long 
Oak Ridge National Laboratory-
Oak Ridge, Tennessee 37830 

Introduction 

The major instability problem in Ift^Sn ribbon 
superconductors is known to be due to flux jumps 
caused by magnetic field components perpendicular 
to the face of the ribbons (Hj_) -1' Likewise, 
techniques which are intended to prevent this 
instability are also well known and include 
1) reducing the width of the ribbon, 2) using low 
current rated material in regions of large Hx, 
3) paralleling the ribbon with good electrical 
conducting material, and 4) providing as much 
cooling as possible. The decision, in 1968, to 
employ Nb^Sn ribbon in IMP, a large plasma physics 
research facility, was made without full knowledge 
of how bad the instability really was. While dif-
ficult force problems and machining and assembly 
problems were being solved,^ experiments were per-
formed to determine the best way to reach the IMP 
quadrupole design point (13,500 A/cm2 = <j>, H m a x 
= 85 kG, % = 62 kG). The stability question was 
answered by performing experiments with relatively 
large test coils called "cusp coils" which showed 
that stabilization could be achieved by cowinding 
0.006 in. aluminum ribbon (p300 2 > 2 0 0 ° ) along 
with the NbgSn ribbon (Fig. 1; . 
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QUADRUPOLE CONDUCTOR 
Nb3 Sn LAMINATE (G.E.) 

Figure 1. Winding material used in IMP quadrupoles. 
The NboSn ribbon is insulated with a mixture of 
AI2O0 and graphite on one side and is parallel with 
high purity aluminum ribbon. 

The cusp coil tests were quite successful in 
that the IMP quadrupoles were wound on the basis 
of these tests^ and are working well at the pro sent 
time. However, the cusp coil tests were expensive 
and time-consuming, and we felt that we could have 
reduced the time and effort by using simple magne-
tization tests to guide us in choosing which cusp 
coil configuration to test. We have, therefore, 
performed a series of magnetization experiments in 
which we tried to simulate conditions in the previ-
ously performed cusp coil tests, and this paper 
presents a comparison of the cusp coil and magne-
tization tests. We will also describe our latest 
application of these results in building a 3 in. 
clear bore, 115 kG laboratory magnet" from remnant 
NboSn ribbon which was not used in the IMP quadru-
poles for various reasons. 

Cusp Coil Tests 

The cusp coil (Fig. 2) is a single unit con-
sisting of two coaxial coil halves wound close 

Figure 2. Cusp coil being wound. 

*Research sponsored by the U.S. Atomic Energy Com-
mission under contract with the Union Carbide 
Corporation. 

tcalculated field using the actual packing factors 
achieved. Diamagnetic effects are not included 
in the calculation. 
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together (1.32 cm apart) on the same coil form (8.9 
cm ID coils) and energized in series opposition to 
produce a cusp field. Each coil half consisted of 
four single pancakes of NbgSn ribbon with aluminum 
interleaving. Turn to turn insulation we.3 provided 
by a semi-insulation of an AI2O3 plus graphite 
mixture applied to one side of the iTbgSn ribbon. 
Interpancake insulation consisted of epoxy fiber-
glass sheet with milled grooves 0.125 in. wide and 
0.032 in. deep spaced 0.125 in. apart. The first 
cusp coil was constructed by interleaving 0.0035 
in. aluminum throughout and had a total of 703 turns. 
After testing, the coil was unwound and then rewound 
with the same superconducting ribbon but with 0.006 
in. thick aluminum interleaving. The 0.0035 in. 
thick aluminum ribbon had a resistance ratio of 
P300/pU.2 w 1100 while the 0.006 in. aluminum inter-
leaving^ which consisted of three parallel 0.002 in. 
thick ribbons, had a ratio of P30C)/P4.2 ** 1 9 0 0 ' 

The cusp coil is mounted with its axis hori-
zontal, and when it is energized large vertical 
fields (perpendicular to the ribbon face) are 
generated in the region between the two halves. 
The self-fields are Hj_ = 1+0.2 l(kG) for the coil 
with 0.0035 in. aluminum interleaving and Hj[ = 36.9 
I(kG) for the coil with 0.006 in. thick aluminum 
interleaving. These coils were tested by placing 
them in a vertical external field (to 60 kG) 
created by a large water cooled copper solenoid. 
The sum of the self-field of a cusp coil and the 
external field can be « 90 kG, all of which is 
perpendicular to the face of the superconducting 
ribbcn at one point in the coil. The two fields 
of the coil test can be produced in three sequences f 
first H C U Sp and then H ^ , or H e x t and then H c u s p , 
or H^xt and H C U S p simultaneously. The results 
presented here are for the latter case since it is 
more descriptive of what actually happens in a 
coil alone. A typical experiment consists of 
simultaneously increasing the cusp coil current 
(hand controlled) and the external magnetic field 
(motor controlled) in such a manner as to follow 
a load line which terminates at a point where the 
overall current density is « 13,500 A/cm2, H e x^ 
= 60 kG, andH, ~ 90 kG. This procedure effectively 
simulates conditions which might occur in a coil 
system during charging] however, should a normal 
state transition, occur, simulation is no longer 
possible because the cusp coil current will decrease 
in the presence of an external field, while in a 
real nonshorted coil system the current and magnetic 
field at a point in the coil will decrease along 
the load line. Although the external field and 
the cusp coil current were both returned to zero as 
rapidly as possible after a transition, the cusp 
coil can recover in the presence of an unknown 
field resulting in some premagnetization which will 
influence the results of the next test. Thus, 
only virgin runs have a known amount of premagne-
tization. Results of these cusp coil tests will 
be given later along with magnetization results. 

Supplementary Magnetization Tests 

The magnetization samples were constructed in 
the manner shewn in Fig. 3. The superconducting 
ribbon and aluminum interleaving were cut into 
1/2 in. squares. The squares were stacked and 

0 R N L - D W G 7 2 - 5 5 9 7 

ALUMINUM 

G.E. RIBBON 
0.001 STAINLESS 
0 . 0 0 2 COPPER 
0.001 Nb + Nb3Sn 
0 .002 COPPER 
0.001 STAINLESS 

Magnetization Sample. 

Figure 3. Construction method for making magne-
tization samples. 

drilled, then bolted together with ;16 in. dia-
meter rod. The stack was then machiued into a 
cylindrical shape while being compressed between 
the chuck and tailstock of a lathe. We•realize 
that according to Wipf° the hole in the center of 
the sample makes it more prone to flux jump; how-
ever, the advantage gained by being able to handle 
the sample as a unit was the overriding considera-
tion in these experiments. (We are trying methods 
of making samples without holes f or future experi-
ments.) The machined surfaces of the cylinders 
were smooth and clean so that the stack of discs 
appeared to be a solid rod of material. However, 
there is little doubt that the machining operation 
damages the Nb^Sn layer close to the surface of 
the cylinder but probably much less than punching 
the discs. Centerless grinding? might be a method 
of reducing the surface damage, but this has not 
been tried. 

Various cooling cono.' tions were simulated by 
surrounding the samples t-.fch close fitting fluro-
carbon sleeves containir- appropriate cooling chan-
nels as shown in Fig. 4. The number of cooling 
channels varied from none at all (three dimensional 
drawing) to three, four, six, and eight (shown in 
cross section). The four channel sleeve is a close 
simulation of cooling conditions in a cusp coil, 
obtained by making the width of the groove equal 
to the projection of the l/8 in. grooves in the 
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W« 0.080 W a: 0.049 

NOTE: 
DIMENSIONS IN INCHES W« 0.049 W=0.090 

COOLING CHANNEL ARRANGEMENT 
(CHANNELS «0.040 in. DEEP) 

Figure b. Flurocarbon sleeves used to restrict 
cooling of magnetization samples. Arrangement 
of longitudinal cooling channels is shown in cross 
section. 

interpancake insulation onto the surface of the 
magnetization sample. The rationale is ,that on 
the average the heat generated in either the pan-
cake or the cylinder must flow out approximately 
in the direction of ohe cooling slots, through a 
varying area as characterized by the projected 
angle. The six channel sleeve simulates the cusp 
coil cooling in the sense that it produces the same 
amount of cooled surface area per unit volume of 
sample as is produced in the cusp coil pancakes. 
The three channel sleeve is a restricted cooling 

condition with one half the cooling of the six 
channel sleeve. The eight channel sleeve produces 
very good cooling conditions and allows approxi-
mately 50fa of the total surface of the sample to 
be in contact with the liquid helium. 

The magnetization experiments used techniques 
previously described.® A typical experiment was 
to place one of the sleeves around the sample and 
increase the external magnetic field until the 
first flux jump occurred. This flux jump was 
always complete, i.e. the magnetization was zero 
after the jump. It is assumed that this first 
flux jump would have caused a normal state transi-
tion in a cusp coil; therefore, the zero magne-
tization state was reestablished before each run 
by '.rarming the sample up and allowing it to cool 
down in ^ x t = 0. The procedure was repeated for 
a series of charge rates which approximated those 
used in the cusp coil tests. 

Magnetization and Cusp Coil Results 

Figure 5 shows a summary of results for both 
magnetization and cusp coil tests for the case of. 
0.006 in. thick aluminum interleaving (three strips 
of aluminum 0.002 in. thick). The perpendicular 
magnetic field component Hj_ is shown as a function 
of the charge rate H^. The curved lines terminating 
at bO kG are the charging curves for the cusp coil 
tests while those terminating at 70 kG are charging 
curves for the magnetization tests. Arrows indicate 
reaching full field without a flux jump. The charg-
ing paths are curved because the external magnetic 
field is produced by copper solenoids powered by 
two large generators (3-5 MW each), which contain 
iron in the field coils. Linear programming of the 
exciters (by motor) along with the iron in the genera-
tors causes the field to increase at a varying rate. 

The cusp coil data shows two important features: 
1) at the slowest charge rate the virgin run exceeds 
Hj_ = 62 kG and 2) the cusp coil was charged many 
times to fields in excess of 85 kG. Both these 

/^(kG/min) 

Figure 5» Comparison of results obtained in cusp coil tests and 
magnetization tests for the case of 0.006 in. thick aluminum 
interleaving. 
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conditions were necessary in the IMP quadripole. 
For comparison of the cusp coil results and magne-
tization results, dashed lines have been drawn at 
the approximate position of the first flux jump 
for the various cooling conditions used in the 
magnetization tests. These values should only he 
compared to the known virgin cusp coil tests since 
the state of premagnetization of the cusp coil is 
unknown for the other points. The importance of 
premagnetization is shown by the point at Hj_ = 70 
kG> = 4.5 kG/min (four channel cooling symbol 
with circle around it). This point with no transi-
tion was obtained by premagnetizing the sample in 
a 10 kG field and should be compared to the four 
channel cooling point at 35.5 kG, Hj_ =11-5 kG/min 
which had no premagnetization. The difference in 
these two cases serves to emphasize the caution 
one must use in interpreting cusp coil tests. 

Both the four and six channel cooling magne-
tization tests are optimistic relative to the virgin 
coil tests; however, the four channel cooling gives 
the best match. The spread of the data as a func-
tion of the cooling parameters serves to reaffirm 
the importance and crlticality of good cooling. 
The fact that the six channel cooling gives higher 
values than the four channel cooling is unexpected 
since the six channel sleeve leaves « 10% less sur-
face exposed to liquid helium than does the four 
channel sleeve. This suggests that the distribu-
tion of the channels is also important since the 
six channel sleeve has six-fold symmetry while the 
four channel sleeve groups the cooling channels on 
either side (more so in fact than is shown in the 
drawing). 

The cusp coil containing 0.0035 in. thick 
aluminum interleaving was tested prior to the one 

containing 0.006 in. aluminum interleaving, and 
the results were deemed to be too erratic to risk 
using 0.0035 in. aluminum interleaving in IMP. A 
magnetization sample using O.OO35 in. aluminum 
interleaving was prepared and tested in the manner-
already described. A comparison of the cusp coil 
tests and the magnetization results is given in 
Fig. 6. The position of the first flux jump as a 
function of cooling shows the same general behavior 
as in the previous case; however, correlation with 
the virgin state cusp coil test is not so good since 
there were a number of virgin run cusp coil tests 
with successively lower fields at the first flux 
jump even though the rate H, was the same. It is 
significant that the first time the cusp coil was 
energized the highest virgin state transition 
occurred (H^ = 58 kG, H^ = 2.1 kG/min). Since a 
large number of normal state transitions occurred 
over a long period (eight days) during which the 
coil was kept at or below 77 K, it is very likely 
that varying amounts of water may have been con-
densed into the system. Any ice crystals which 
found their way into the cusp coil cooling channels 
would certainly cause some degraded performance. 
Looseness in the windings was also observed after 
these tests which could have contributed to the 
erratic behavior. 

Comparison with IMP Coil Performance 

The cusp coil data and the magnetization data 
with the four channel sleeve are compared to the 
IMP quadrupole operation in Fig. 7• Relative to 
this data, the IMP charging curve has a good safety 
factor; however, it should be mentioned that some 
of the cooling channels in the IMP quads are hori-
zontal rather than vertical as was the case in the 
cusp coil and the magnetization tests. The 

Figure 6. Comparison of results obtained in cusp coil tests and 
magnetization tests for the case of 0.0035 in. thick aluminum 
interleaving. 
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Figure 7« Charging curve for IMP quadrupoles compared to data from cusp 
coil and magnetization experiments. 

configuration of the IMP coils is shown in Fig. 8. 
The horizontal cooling channels do not occur in 
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Figure 8. Artist's sketch of the IMP supercon-
ducting coil system. 

regions of largest H^ so they are not considered 
dangerous. By early May 1972, the IMP quads had 
been energized along the charging curve 80 times 
in succession with a number of these charges 
being virgin runs. The charges have been limited 
to I S 605 A, H_L = lf6 kG because the very first 
time the coils were charged an automatic system 

dumped them at this point. Subsequent trouble 
with the automatic dump system (now removed) plus 
continued success in charging to 605 A has made 
the automatic dump system suspect rather than the 
coils. Since 605 A provided a suitable field for 
the first series of plasma physics experiments, 
this current level was set as the initial maximum 
operating current. The question of the final 
maximum operating current and that of reaching the 
design current will be answered by mid-year (1972) 
when an attempt will be made ̂ 60 charge the quadru-
poles to at least 9®% of design values and perhaps 
to the design point (B in Fig. 7)-

Construction of a 115 kG, 3 in. ID Solenoid 

The remnant superconducting material from the 
IMP project was used to construct a utility magnet 
for our laboratory. Preliminary estimates showed 
that we should be able to build a 3, in. clear bore 
magnet which would fit in our largest dewar (9'5/8 
in'. ID) and produce above 100 kG central field. 
The short sample performance of our superconducting 
ribbon was very uncertain in this field range since 
our measurements stopped at 75 kG, the normal opera-
ting limit of our water cooled copper solenoids. 
The performance of the material at fields above 
75 kG was estimated from factors provided by G*E. 
The final design consisted of 16 single pancakes; 
separated by l/l6 in. thick epoxy fiberglass 
insulation with radial cooling channels (50% sur-
face cooled). The superconductor was graded by 
short sample performance, using the higher current 
material towards the center and lower current 
material at the ends of the coil. On the basis 
of short sample performance^ -the; critical .pancake 
was predicted to be the second one "out from the 
center and the predicted central field was 105 kG. 

The stability problem in this magnet was not' 
nearly so severe as in the IMP quadrupoles since 
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the value of Hj. was only 15 to 30 kG in the three 
end pancakes (calculated without including diainag-
netic effects for the 100 kG central field). 
According to Hancox,2 however, H^ would he higher 
if diamagnetic effects were included. We decided 
to use aluminum stabilization only in those parts 
of the coil where it was required and to select 
the thickness of aluminum on the basis of our expe-
rience with cusp coils and magnetization tests. We 
chose to use 0.002 in. aluminum interleaving in 
regions of the coil having 15 kG < Hi < 2 3 kG, 
0.003 in. aluminum where 23 kG < Hi < 27 kG, and 
0.004 in. aluminum where 27 kG < Hj_ < 30 kG. For 
comparison, using the four channel sleeve in the 
magnetization experiments, we obtained the first 
flux jump at 34 kG for 0.006 in. aluminum, 28 kG 
for 0.0035 in. aluminum interleaving, and 21 kG 
for 0.002 in. aluminum interleaving at a charge 
rate of Hj_ « 21 kG/min. The aluminum resistance 
ratios were P3oo/p4.2 w for 0.002 in. aluminum, 
1100 for 0.0035 in.'aluminum, and « 1900 for 0.006 
in. aluminum. The resistance ratio for the 0.003 
in. and 0.004 in. thick aluminum was not measured, 
and magnetization experiments were not performed. 
However, the source material for this ribbon was 
much better than any of the other material used. 
It was rolled from material having a bulk resistance 
ratio of 13,000. 

With our design established, the end pancakes 
had the first 79 turns with 0.003 in. aluminum 
interleaving, the next U 0 turns with 0.004 in. 
aluminum interleaving, and the last 68 turns with 
0.003 in. aluminum interleaving. The second pan-
cakes from the ends had 0-002 in. aluminum for 112 
turns, 0.003 in. aluminum for 69 turns, and 0.002 
in. aluminum for the last 101 turns. The third 
pancakes had 0.002 in. aluminum throughout. The 
central ten pancakes had no interleaving. Figure 9 
shows the third pancake being wound with 0.002 in. 

Figure 9- Winding third pancake of 115 kG solenoid 
with 0.002 in. aluminum interleaving. Tension on 
superconductor (19 lb) plus roller force (20 lb) 
help keep winding tight. 

aluminum interleaving. The radial cooling channels 
in the epoxy fiberglass are also visible. The 
aluminum was wound in with essentially no tension 
while the superconductor was held at 19 lb tension. 
The rubber-tired aluminum roller (20 lb force) 
helped keep the windings tight. The finished 
solenoid is shewn in Fig. 10. 

As of this meeting, the solenoid has been 
tested to what is most probably its short sample 
limit of 465 A (115 kG central field, 118 kG at 
weldings). The fact that the coil exceeded our 
original estimates is probably due to the fact that 
the estimates used to extrapolate the measured 
short sample data were very conservative. If the 
coil is charged too fast, the stability limit due 
to H^ will be reached at fields lower than 115 kG. 
Unfortunately, complete data on this point has not 
yet been obtained; however, one virgin state transi-
tion has been obtained for values of Hj_ m g x = 16 kG, 
H_L m a x = 5.5 kG/min, and H(central) = 50.6kG. A 
nonvirgin transition was obtained by charging the 
coil to 100 kG in 10 min (no transition), then 
lowering the field to zero, and recharging at a 
fast rate (0 - 98 kG in 2 min) until the transition 
occurred at 98 kG. 

Conclusions 

An exact comparison between magnetization 
tests and coil performance is not possible due to 
insufficient cusp coil data of the right kind 
(virgin state) or quality (absolutely no chance of 
ice in cooling channels). This work has shown 
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that if the cooling conditions are equivalent 
then one can make an approximate comparison between 
magnetization measurements and virgin state transi-
tions in coils. A cusp coil test of the type 
described should be interpreted with discretion 
since the effects of premagnetization are so impor-
tant. In particular, one should run a set of virgin 
state tests at varying; H^ to determine the lower 
limits of coil performance for the first charge. 

Success oi' the IMP quadrupoles as well as the 
115 kG solenoid confirms the ability of aluminum 
interleaving to stabilize Mb^Sn ribbon and the 
utility of cusp coil/magnetization tests for coil 
design with Nb^Sn. 
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NOTE: On May 25, 1972 the IMP coil system was 
charged to a new high field value. No transition 
occurred. Currents achieved were 2^0 A in the mir-
rors (12.5 kG central field) and 753 A in the quadru-
poles (Hi = 57 kG, H m a x = 78 ,kG at the windings). 
The quadrupole current of 753 A was 9 2 . % of the 
design current. 
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