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Abstract 
Pancake type solenoid magnets are constructed which 

have a similar cooling characteristics to a pulsed dipole 
magnet far a synchrotron. A metal impregnated braided 
cable is used to test a long sample of the cable. The de
tailed performances of the magnets and cable are examined 
with respeat to achieved fields, training effect and ac 
losses. The stability theories which have been proposed 
so far are not adequate to these high current density 
magnets, so that a new method is developed to estimate 
the magnet stability. The minimum energy of thermal dis
turbances (MQE) which causes a quenching is measured by 
experiment and is compared with the calculation. The cal
culated values of MQE are in good agreement with the experi
mental results. The performance of the pancake magnet'is 
discussed on the basis of MQE, 



I. Introduction 

Following the development of an organic insulated cable , 
a metal impregnated braided cable has been developed in our 
group for superconducting pulsed dipole magnets for a syn
chrotron. A short sample test is carried out to obtain the 
critical current of cable. Since solenoid magnets can be 
made more easily than the real dipole magnets, pancake type 
solenoid magnets which have the same cooling characteristics 
as of she pulsed dipole magnet are constructed and excited 
for a test of long cable. 

As is well known, the superconducting pulsed dipole 
magnet has a high current density, for example, of 30 - 40 
kA/cm . The current density is large by an order of 
magnitude compared with that of magnets which have pre
viously been constructed. Some theories ' ' ' have been 
proposed, on the stability of superconducting magnets. Those 
theories are, however, applicable only to the magnets which 

2 have lower current density than a few kA/cm . Although new 
6 7 8 « 

approaches '' have recently been made both theoretically 
and experimentally for such high current density magnets, 
they are not completely successful. A steady state equi
librium theory was introduced in reference 6, and neverthe
less the agreement between experiment and theory was not 
sufficient in those studies. Therefore, a new approach is 
worth while to estimate the magnet stability. The minimum 
energy of thermal disturbances causing a quenching, which 
we call "minimum quenching energy" (MQE) , is studied in 
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the present paper, in order to obtain MQE for a pulsed 
dipolo, our magnet is tailored for having the same cooling 
characteristics as of the real pulsed dipole magnet. Two 
kinds of experiments are carried out for the study of MQE 
in this coil. One is the measurement of propagation veloc
ity of normal zone which gives an information about cooling. 
The other is the observation of MQE which is caused by an 
electric heater attached to the cable. The detailB of ex
periments are also described in the present paper.. The 
performance of the pancake type solenoid magnet is discussed 
on the basis of the obtained values of MQE. calculations on 

9 10 propagation velocity and MQE will be published elsewhere '* . 

II. Fabrication of pancake type solenoid magnets 
Two pancake type solenoid magnets (named No. 1 and no. 

2) were constructed with the same metal impregnated braided 
cable on the same cooling condition as in the dipole magnet. 
These magnets are called "pancake magnets" in the following. 

Characteristics of the cable used in construction of 
the pancake magnets are given in Table 1. The cable was 
braided with 13B of composites, copper/superconductor 
ratio of which waB 1.36. For insulation the braided cable was 
Bpirally wrapped by glass tape impregnated with B-stage epoxy 
resin. A length of 12 mm was taken as a pitch for wrapping, 
while the width of the glass tape was 10 mm. Then, 83 * of 
the surface of the cable was covered with the glass tape. 
Fig'. 1 shows the dependence of critical current of the cable 
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on magnetic field obtained in a short sample test at 4.3 K 
and 3.2 K. A typical value of the critical current is 5070 
A at 4.3 K and 4 T, The temperature of liquid helium rose 
to 4,3 K because of increase of the pressure in the oryostat 
by gaB cooled current leads used in measurement. The tem
perature of 3.2 K was obtained by decreasing the pressure to 
220 torr. 

Characteristics of the magnets are given in Table 2. As 
shown in the table, inner diameter, outer diameter and 
height of the winding are BO,5, 130 and 44 mm, respectively. 
The magnets have a rather flat shape. Hence, the ratio of 
the average field at the most inner layer to the field at 
the center of bore is as high as 1.33. Fig. 2 shows the 
calculated field distribution in the pancake winding, where 
the field is indicated by arrow in a quarter of cross section 
of winding. As seen from the figure, the radial field com
ponent is not small. The ratio of the radial field averaged 
in the winding to the center field is as high as 0.30. The 
value of 0.30 is almost the same as in a dipole magnet. 

The structure of pancake magnetB is illustrated in Fig. 
3. The magnets were wound as follows. A stainless steel 
core to which the cable Was attached was fixed in a chuck 
of a circular disk. This machine, which serves originally 
the purpose of rotation of works in welding, was used for 
rotation of the core. During rotation a tension of 20 kg 
(2,1 x 10 Jcg/m ) was applied to the cable by a tension 
machine with weight of lead blocks (40 kg), which is shown 
in Fig. 4. After winding, the end of the cable was soldered 
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to the copper current lead. Glass tape with longitudinal 
fibers impregnated by B-stage epoxy resin was wound around 
the current lead as a bandage. The winding procedure of the 
magnet No. 2 was a little different from that of No, 1, 
While it was wound, the magnet No. 2 was warmed up to about 
SO °C to melt the B-stage epoxy resin and to soft the glass 
tape, The heating helped the cables to Btiuk each other 
more firmly than in the winding of the magnet No. 1, The 
pancake magnet was equipped with the devised current leads 
and cooling channels as shown in Fig. 3, so that it could be 
excited not only as a single pancake magnet, but also as a 
double pancake magnet which consisted of the No. 1 and No. 2 
connected in series. 

Resistance between layers or between cable and stain
less steel core was watched during winding to find short 
circuits. Some short circuits were found in the magnet No. 
2, although none was seen in No. 1. Then, the magnet No. 2 
was rewound three times to eliminate the short circuits 
completely. After construction, the magnet was heat-treated 
in an oven for 1 hour at 150 "C for reaction of B-stage 
epoxy resin impregnated into glass tape. Short circuits did 
not appear newly in process of heat-treatment. A picture of 
the pancake magnet No. 1 is presented in Fig. 5. 

Ill Performance 
III. 1 Achieved fields 

The pancake magnets were excited many times and the 
field achieved at the center of magnet was measured in every 
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excitation. The results are shown in Figs, 6 and 7 as a 
function of excitation number. The number of training was 
about 10 for the two magnets. The highest field achieved 
was 2,3 I for the magnet No. 1 and 2.4 T for No. 2. These 
values corresponded to 3.1 and 3.2 T at the most inner 
layer, respectively. The better performance of No. 2 ia 
attributable to the offeat of the warm up in winding. The 
whole magnet No. 1 was then epoxy-impregnated in a vacuum 
vessel. Kpoxy resin used was the combination of Epicot 815 
and Jeffermin D230. The excellent quality of the combi
nation had been confirmed by impregnation experiments of 
several times at our group. The results of the excitation 
after the process are shown in Fig. 8. The highest field 
achieved at the center of magnet increased slightly after 
training above 50 times, but the achieved field itself 
decreased with increasing ramp rate as shown in Fig. 9, 
where its dependence on ramp rate is plotted for excitation 
before and after impregnation. The double pancake magnet 
consisting of the magnet No. 2 and the epoxy-impregnated 
magnet No. 1 was excited and its results are presented in 
Fig. 10. The highest field of 3.4 T wan achieve at the 
center of magnet after about 30 excitations, corresponding 
to 4.1 T at the most inner layer. In the excitation, it was 
observed that the epoxy-impregnated magnet No. 1 was always 
quenched initialy. 

The highest fields at the most inner layer obtained for 
the magnets corresponded to 72 % of critical current given 
in the short sample test. A little poor performance may be 
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explained as follows, A dipole magnet is heat-treated for 
reaction of the B-stage epoxy resin with enough compressive 
force each time after the winding of one block is finished 
and besides all layers are clamped directly with an extremely 
strong frame such as an iron yoke. The pancake magnet was, 
however, heat-treated without compressive force after finish 
of whole winding and the inner layers where the field was 
highest were supported not by a strong frame but by outer 
layers. The above two differences are considered to be the 
reason for earlier quench in excitation of the pancake 
magnet. 

At first sight, curious behavior appeared in the 
initial measurement for the magnet Ho. 1. This is shown in 
Fig. 11, where solid and dashed lines stand for the center 
field as a function of transport current obtained by ex
periment and calculation, respectively. At a ramp rate (50 
A/sec) the magnet quenched at a position indicated by a mark 
of circle. At a slower ramp rate (5 A/sec) , however, the 
magnet achieved the higher field indicated by a mark of 
rectangle after an appreciable increase of field at a cur
rent near the mark of circle. Furthermore, the gradient of 
the load line observed was smaller than that by calculation. 
The reason for the curious behavior was thought to be ex
plained by the fact that the superconducting cable made an 
one-turn loop in or around the magnet. The current which 
was induced in the loop by electromagnetic induction de
creased the field observed in comparison with calculation. 
The current in the loop caused the cable to quench, if it 
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was higher than the critical current, This quench gave the 
appreciable increase of the field under the almost constant 
transport current. In fact, a mistake was then found of 
formation of the loop around the copper current lead. The 
above behavior disappeared in measurement after cut of the 
loop. 
III. 2 AC losses 

The measurement of ac losses was carried out with the 
usual integration method as thRt used by WilBon . The 
value of ac losses is given for a current sweep with a 
constant rate by 

#VIdt = jS Vdt dl, (1) 

where V is the voltage between ends of magnet winding, I thii 
transport current and t the time. A symbol of cf stands for 
integral for the cycle of current sweep. 

The electric circuit for measurement of ac losses is 
shown in Fig. 12. A large part of the voltage signal from 
magnet is occupied by voltage induced by the magnet induct
ance. Since the voltage which is generated by electro
magnetic induction does not produce the ac losses, it was 
canceled by addition of a fraction of opposite sign voltage. 
This voltage was obtained from a coil which was placed near 
the bus bar to pick up flux produaed by transport current. 
The voltage signal after cancelation was integrated by an 
integrator and then plotted as a function of transport 
current with an X-Y recorder. Fig. 13 shows a chart plotted 
for a cycle of current sweep with a ramp rate of 100 A/sec. 
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12 The area enclosed gave the value of ac losses. Schwall 
reported that the wire displacement prevented the signal of 
voltage integral from returning to zero when transport 
current went back to the initial value. The effect was, 
however, obscured by drift of the integrator because it took 
a long time for a sweep up to high current. 

The dependence of ac losses on ramp rate and maximum 
current was measured. The results for the magnet No. 1 and 
the double pancake magnets are shown in Fig. 14 and 15, 
respectively. Both figures indicate that the ac losses 
increase almost proportionally with the maximum current and 
ramp rate. Pig. 16 shows ac losses at 4 T, which was 
extrapolated from the data mentioned above. These values of 
ac losses are higher than those of dipole magnets constructed 
at BNL and FNAL . The reason for the larger values may be 
explained as follows. According to Walters as losses Q„ 
for field perpendicular to the cable is approximately 
written by 

Q* - 2 M o B m a x I 1 + B / V ' t 2 ) 

where. 

B p = BOX * t a l w ^ t n - 1 ) P' S> J c d * fiftgf < 3 ' 

for braided cable, 

n - l- itCs) 1 „ M 7 * . P(s) . . . 

- 8 -



for stranded cable. Explanations for the parameters used 
are summarized in Table 3 and also the important parameters 
are illustrated in Pig. 17. The parameter B_, called doubling 
B, is a useful one for estimation of ac losses and is regarded 
as a measure of the losses. As shown in Eqs. (3) and (4), 
" —1 —2 
B D is proportional to D (ctL) which consist of the para
meters on the structure of cable and consequently proportional — 1 - 2 to a (OIL) for both types of cables. 

The value of B of the present pancake magnet was 
obtained from Fig. 14. The value was then multiplied by the 
ratio (0.30) of the radial field averaged in the pancake 
Winding to the center field and the value of B_ of the cable 
was obtained. The loss parameters of the cable used at some 
laboratories are summarized in Table 4. Aspect ratio a for 
the present cable is about 1.5 times as large as that of BNL 
and about 6 times as large as that of FNAL. Conductor 
transposition pitch 4L is about 2 times as large as that of 
BNL and about 4 times as large as that of FNAL. Hence, the 

2 value of a(ocL) for the present cable was an order of magnitude 
larger than that of BNL and two orders of magnitude larger 
than that of FNAL. This is the main reason for larger ac 
losses for the present pancake magnets. But>iii the case of 
the stranded cable at FNAL, actual-ac losses are not so; 
small as predicted by the above equation, because they are 
induced by the field parallel as well as perpendicular to 
the flat face of the cable. In table 4, the amount of tin-
silver (SnAg) with which the cable was impregnated is not 
presented. Large amount of SnAg was used for impregnation -
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of the braided cable at KEK and this is another reason for 
the larger ac losses. 

IV Minimum quench energy (MQE) 
IV. 1 Simulating coil 

To obtain the MQE of the braided cable in the pancake 
magnet, a coil was wound which had three layers of the same 
cable and had the same cooling as in the pancake magnet. 
The structure of the coil is illustrated in Fig. 18. An 
aluminum bobbin was overlaid with powder filled epoxy resin 
(XD580) for insulation. The braided cable was spirally 
wound on the bobbin into three layers with the same tension 
of 20 Kg as in the case of winding of the pancake mar _„-_.. 
Then, the coil was cured in an oven for one hour at 150 °C. 
The current was applied only into the middle layer, because 
a normal zone usually progagates at the first stage of 
quench only in the layer where the premature quench occures 
The role of other two layers (upper and lower ones) was for 
realization of the same cooling condition as in the pancake 
magnets and for fixation of the middle layer rigidly to 
avoid mechanical degradation. 

Two electrical heaters (ft and B) were wound around the 
cable of the middle layer to create a normal zone on it. 
The heater, 3.5 H, was made of manganese wire insulated by 
silk and was wrapped with glass fiber tape impregnated with 
B-stage epoxy resin for thermal insulation to other layers. 
The length of the region of heaters was one centimeter from 
a consideration of the typical size of instabilities. The 
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only heater B was impregnated with epoxy resin (Epicot 815, 
Jeffermin D230) to eliminate excess power which evaporates 
liquid helium attached on the surface of the heater wire. 
A thermocouple (Chromel-Au(Fe)) was directly soldered on the 
cable at the center of heater to observe the temperature 
rise where the heater was wound. Ten voltage taps were also 
attached on the cable to measure propagation velocity of 
normal zone. 

The simulating coil was fixed in a bias magnet. Then, 
the propagation velocity of normal zone and the MQE were 
measured. 
IV. 2 Propagation velocity of normal zone 
IV. 2. 1 Experiment 

The propagation velocity of normal zone was obtained by 
the following procedure. After the current was increased up 
to a constant value, a current pulse (duration of 10 msec) 
was applied to the heater and the normal zone thus generated 
propagated through the cable. The propagation time across a 
pair of voltage taps was recorded with an oscillograph. 
This time and the distance between the two taps (5 cm) gave 
the propagation velocity at the current. Because an equi
librium propagation of long normal zones, -i.e. a constant 
temperature profile in travelling wave, was assumed in the 
calculation, the direct heat transfer from the heater to the 
two voltage taps might introduce systematic errors between 
results obtained by calculation and experiment. Hence, in 
this measurement a pair of voltage taps which were far from 
the heater was chosen and the smallest current for normal 
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zone creation was applied into the heater. 
A chart recorded with oscillograph is shown in Fig. 19, 

where heater current, transport current and voltage obtained 
with two pairs of voltage taps are plotted as a function of 
time under the condition of B = 4 T and I = 3000 A. The 
transport current decreased gradually with increasing 
length of normal zone after application of heater current, 
because a fraction of current from power supply began to 
flow into a resistor (2.9 mJ!) which was connected with the 
coil for protection. The power supply-was turned off when 
the normal zone propagated almost over the coil. The distance 
between each pair of voltage taps was 5 cm. As seen from 
the middle figure, the plateau of voltage trace was not 
completely horizontal, but increased slightly with time. 
The phenomena became more apparent with increasing current, 
although not observed at all for lower current than that in 
the figure. The reason for the increase with time is thought 
to be that the resistivity of copper matrix increases gradu
ally with temperature when it is above a few ten Kelvins. 
The propagation time across a pair of taps could be obtained 
from the chart. The time became slightly longer with increase 
of distance between the heater and a pair of taps due to the 
decrease of transport current during propagation of normal 
zone. 

The data of propagation velocity obtained at 4.3 K are 
shown in Fig. 20 for some values of magnetic field. In this 
figure, six types of marks stand for the experimental 
results obtained at six values of bias field. 
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The propagation velocity was measured at 3.2 K as well 
as at 4.3 K. The results are plotted for 5 T with the data 
at 4.3 K in Fig. 21. The figure shows that the velocity at 
this temperature is higher than that at 4.3 K when the 
current is below 3500 A. Simple reasoning predicts the 
reversed dependence of the velocity on temperature against 
the experimental results, since the critical current at 3.2 
K is higher than that at 4.3 K. This mistake of prediction 
may come from neglecting the fact that the lower pressure 
easily increases the volume of vapor produced from liquid 
helium and thus the surface of the cable is rapidly covered 
with vapor. 

4 The recovery and minimum propagating current were 
obtained as follows and an example of process is shown in 
Pig. 22. On condition that a current as small as possible 
was applied to the heater to make an initial normal zone, 
transport current was first increased at a constant but very 
low rate ( 10 A/sec). When voltage appeared sufficiently 
between ends of cable, the heater was turned off. The 
voltage began to increase rapidly due to jump of the heat 
transfer from nucleate boiling region into film boiling 
region and to sudden propagation of a normal zone along the 
cable. The current at this point is called the minimum 
propagating current indicated by a symbol of I in the 
figure. After the increase of voltage, the transport current 
was decreased at the same rate. Then, the voltage began to 
decrease rapidly due to return of the heat transfer to 
nucleate boiling region. The current at this point was 
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called the recovery current indicated by a symbol of I in 
the figure. The value of heater current and the turning off 
point of heater were chosen not to give influence on the 
results of recovery and minimum propagating currents. 

The results obtained are shown in Fig. 23. The recovery 
and minimum propagating currents are respectively 400 A and 
550 A under the condition of 4.3 K and 5 T. The meaning of 

2 3 4 5 these values is explained as follows ' ' ' . At the current 
below 400 A, any temperature rise of the cable due to dis-
trubances disappears so immediately that the magnet is 
completely stable against any disturbances, whereas at the 
current between 400 A and 550 A most temperature rise due to 
disturbances disappears gradually so that the magnet is 
almost stable against any amount of disturbances. At the 
current above 550 A, the propagation velocity of normal zone 
becomes positive and the magnet is stable only against the 
limited disturbances which do not start the propagation of 
normal zone generated. The minimum propagating current of 
550 A at 4 T is quite smaller than the critical current of 
5070 A at the same field. This smaller value comes from the 
high current density required to the dipole magnet and 
consequently the lower value of copper/superconductor ratio. 
The dipole magnet is therefore used at current "in the quasi-
stable region. The recovery and minimum propagating currents 
are almost smaller at 3.2 K than those of 4.3 K as shown in 
Fig. 23. This may also be attributed to the easier growth 
of helium gas generated around the cable at the lower 
pressure. 
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IV.2.2. Derivation of the cooling 
A numerical calculation on the propagation velocity 

was carried out by using a modified thermal conduction 
equation. The equation eliminated a troublesome problem on 
the boundary condition reported previously by defining a 
new variable of square of heat flux along a conductor. A 

17 velocity dependent correction factor was used for cooling 
to take account of the transient effect. The details of 
calculation were described in reference 10. 

The solid lines in Fig. 24 show the calculated values 
of propagation velocity which give the best fit to the 
experiment. These lines represent successfully the dependence 
of velocity on both field and current. The profiles of the 
cooling per unit surface of the conductor corresponding to 
the above solid lines are shown in Fig. 25 by solid lines 
for two values of velocity of zero and 2.2 m/sec. The heat 
transfer in the region of nucleate boiling is a little 
smaller than the usual steady state equilibrium cooling of a 
bare metal. 

In reference 10, it was also found that the magnitude 
of transient effect in the present cooling was several 

18 hundredths as small as results obtained in a bare metal. 
The reason was thought to be that liquid helium in the coil 
was easily evaporated completely due to the thin thickness 
(0.15 mm) of liquid helium layer in the cooling channel 
formed by the glass tape in the coil. The thickness of 0.15 
mm is considerably small compared with a value of a few 

18 millimeters which is the equilibrium thickness of gas 
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space over the metal surface in the region of film boiling. 
Hence, the magnitude of transient effect in the cooling is 
small. 

The dashed lines in Fig. 24 shows the values of velocity 
calculated under steady state equilibrium cooling which was 
adjusted to give the best fit of the obtained velocity to 
the experimental one. The cooling is plotted by a dashed 
line in Fig. 25. The values of velocity obtained are lower 
in the region of current below 2000 A than the experimental 
results owing to overestimation of the heat transfer in the 
nucleate boiling. The agreement with the experiment is a 
little worse than in the case of the cooling including the 
transient effect. Then, the transient effect is considered 
to be small also from this point of view. The dotted line 
in Fig. 24 indicate the values calculated for 4 T under a 
steady state linearized cooling of Q = h(T - T. ) with h = 

2 
1.7 kw/m K. The line represents well the experimental 
values only in the region of high current. The profile of 
the linearized cooling is also presented in Fig. 25 by a 
dotted line. If the value of h is several tenths as small 
as the above one, the values of velocity obtained by calcu
lation agree better with the experimental results in the 
region of low current, although they becomes larger than the 
experimental results in the region of higher current. 
IV. 3 Minimum quench energy (MQE) 
IV.3.1 Experiment 

The MQE was obtained by the following procedure. The 
transport current was first increased up to a constant 
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value, A current pulse (time duration of 10 msec) was applied 
to the heater A or B after several seconds later and thus a 
premature normal zone was generated in the cable. Then, the 
voltage at the ends of cable was observed to see whether the 
zone would grow up or shrink down. The smallest value of 
heater current which propagated the normal zone along the 
cable was obtained after about ten trials. This heater 
current was applied to the heater without transport current 
and the voltage from the thermocouple at the center of the 
heater region was recorded with an oscillogragh. An example 
of voltage trace is shown in Fig. 26, where the heater 
current is also plotted as a function of time for 4 T. The 
thermocouple was used in a standard junction at liquid 
helium temperature. The magnitude of output voltage from 
thermocouple was decreased considerably due to slow response 
(time constant of 50 msec) of the amplifier used, but it was 
corrected later. 

The peak value of temperature was converted into the 
energy which was actually put into the cable. Fig. 27 shows 
the calculated relation between peak temperature and input 
energy. Solid lines stand for the input energy (Qi„5 a s a 

function of peak temperature for six fields of 0,1,2,3,4 and 
5 T. A dashed line is also plotted for comparison and it. 
stands for the stored energy tQ s t o r e) at 4 T which was given 
by integration of specific heat about the corresponding 
temperature distribution along the cable. The difference 
between Q. and Q s t o r e means the heat which flows out cf the 
cable during temperature rise up to peak value. The values 
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of QJ„ are several times as large as those of Q . . The in J store 
lines in Fig. 27 were obtained by a dynamic simulation of 
time evolution of temperature distribution which was carried 
out in the same way as in reference 9. In calculation it 
was assumed that heat was conducted from heater to cable 
region of spatial length of 10 mm constantly for a time 
duration of 10 msec and that the cooling, which was estimated 
from the experimental data on propagation velocity, could be 
applicable with v = 0 m/sec in the velocity dependent cor
rection factor to the whole region along the cable except 
that of heater. The obtained value of Q ^ is the MQE. 

The MQE obtained with the heater A are shown for six 
values of the magnetic field in Fig. 28, plotted as a 
function of transport current. The figure indicates that 
the MQE decreases almost lineary with increasing magnetic 
field and current. Suppose that a magnet is designed to 
operate at 4 T with 3000 A and has the same winding as the 
present simulating coil. If the magnet is constructed to 
suppress always the disturbance below 4.6 mJ during exci
tation, its designed performance would be attained completely. 

The total energy of input pulse to the heater was 133 
mJ at a magnetic field of 5 T and the current just under.the 
critical one, corresponding to the evaporation of 50 mm of 
liquid helium. At first sight the energy of 133 mJ is 
seemed to be surprisingly high compared with the MQE mentioned 
above. The total energy is reasonable, however, since there 

3 may exist the liquid helium of 30 40 mm around the heater 
wire to be evaporated, and besides the energy which is 
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required to heat up the heater wire itself may be an appreci
able quantity owing to much higher temperature rise than 
that of the cable. 
IV.3,2 Calculation of the MQE 

g To. obtain the MQE by calculation, a dynamic simulation 
of temperature distribution along the conductor was carried 
out by solving numerically a one-dimensional heat conduction 
equation after application of disturbance. As a disturbance, 
heat input was assumed to be constant in the same time 
duration and along the same spatial length of the conductor 
as in the present experiment. The cooling obtained previous
ly had a small dependence on propagation velocity and subse
quently had a small transient effect. Moreover, if an 
energy of disturbance applied to the conductor is just equal 
to the MQE, the initial normal zone does not propagate very 
immediately. Hence, the cooling derived from the measurement 
of propagation velocity were used for simplicity with v = 0 
m/sec in the velocity dependent correction factor. The 
cooling was used in calculation in two ways. In the first 
one (case (A)) the cooling was applied to whole region along 
the conductor and in the second one (case (B)) to the region 
except that of initial temperature rise. It is considered 
that the case (A) corresponds to internal heating in compo
sites such as magnetic instability and filament displacement, 
while the case (B) corresponds to external heating outside 
composites such as wire displacement and release of material 
strain energy. The heating by the electric heater in the 
present experiment is represented by the case (B). The 
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details of the calculation were described in reference 9. 
The calculated results are shown with the experimental 

values in Fig. 29, where the MQE is plotted as a function of 
current for three values of magnetic field. The dashed and 
solid lines stand for the results.calculated under the 
cooling of case (A) and case (B), respectively. The values 
of the MQE calculated in the present paper are of the same 
order as the experimental results given in references 6 and 
7. 

The solid lines almost agree with the experimental 
results, while the dashed lines are systematically higher 
especially in the case of low current than the experimental 
ones probably owing to the overestimation of cooling. The 
solid lines are a little higher than the experimental values 
in the region of lower current than 2500 A. Although the 
cause is not completely clear, it is thought to be attributed 
to the simplified assumptions in the calculation such as 
the constant heat input and neglection of transient effect 
on cooling. 

V Performance of pancake magnet from the viewpoint of MQE 
The fields at the most inner layer of the pancake 

magnet No. 2 are indicated in Fig. 30 by marks of a circle 
and triangle which stand respectively for the value of the 
maximum achievement and that in the first excitation. The 
maximum field was obtained in the fifteenth excitation. In 
the same figure are also shown the critical current, the 
minimum propagating current, the recovery current and the 
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contour lines of the MQE. These currents were experimentally 
obtained as explained in section IV.2.1 and the contour 
lines were plotted from the calculated results in Fig. 29 
for the cooling of case (B). One can see from Fig. 30 that 
the contour lines may be regarded as a measure of stability 
in the quasi-stable region between the recovery and critical 
currents. 

This figure indicates that the current producing the 
maximum field achieved for the pancake magnet is about 72 % 
of the critical current on its load line and that its po
sition corresponds to the MQE of 6.2 mJ for a centimeter of 
the cable. The MQE is considered to decrease by one order of 
magnitude due to training of fourteen excitations. As seen 
from the figure, moreover, the MQE must decrease by one • 
order of magnitude to obtain nearly full performance of the 
cable. 

The reason why the pancake magnet quenched at 72 % of 
the critical current may be inferred from the magnitude of 
disturbances as follows. Since the energy of disturbances 
from the magnetic instability may be negligibly small in the 
multifilamentary composite wire compared with the MQE obtained 
above, only the mechanical instabilities are sufficient to 
be taken into account. Now we consider the displacement of 
a cable in the pancake magnet which is carrying a current I 
in a magnetic field B. If the cable moves a distance 6, the 

19 heat generated is estimated simply to be BI 6 per unit 
length of the cable. For B = 3.2 T, I = 3300 A and fi = 100 
ym, the heat energy is 11 mJ/cm. As for the energy stored 
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in epoxy resin by the difference of thermal contraction, the 
three dimensional strain energy density is given by o (3-6p) 
/2E., where E^ is the elastic modulus and V Poisson's ratio 
of epoxy resin. a is the induced tensile stress in epoxy 
resin while cooling and expressed by a = /(a- - a )E./(1 -
2y)dT, where c^ and a are the coefficients of thermal 
contraction of epoxy resin and conductor metal, respectively. 
Typical values are substituted in the above equations. 
Then, the tensile stress is estimated' to be 145 MN/m and 

3 consequently the strain energy density to be 1.4 MJ/m . 
Hence, the stored energy per unit length of the cable 
becomes 14 mJ/cm. When some instability occurs, all the 
energy may not be deposited on cable, but Hie estimated 
energy is larger than the MQE and reasonably thought to 
induce the cable to quench. 

The magnet No. 1 impregnated with epoxy resin (Epicot 
815 , Jeffermin D230) and the maximum field obtained in 
excitation of the magnet was increased by a few percent 
compared with that of the pre-impregnation magnet. Of 
course, the impregnation deteriorates the cooling and 
therefore decreases the MQE by about three orders of magni
tude . Nevertheless, the magnet performance is sometimes 
improved. This is because the impregnation also decreases 
thermal disturbances by almost the same order of magnitude 
=is in the MQE mainly due to suppression of cable displacement. 

The performance of magnets is simply judged from the 
fraction of the attained current to the critical current 
measured on a short sample conductor. This estimation 
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Wei-.? J.S .; - tJ to be resonable from the viewpoint of the 
MQE, since ti is energy takes almost the same values as 
suggested by Fig. 30 at the points where the current fraction 
to the critical current is constant on various magnet load 
lines. Nevertheless, the performance of magnets can be 
expressed not only by the current fraction, but also by 
other parameters such as the chmic heat generation per 
cooled surface, the minimum propagating current, the stored 
magnetic energy and the dependence of the achieved field en 
ramp rate. 

VI Conclusion 
Pancake type solenoid magnets (pancake magnets) were 

constructed with the high current density braided cable and 
their performances were discussed on achieved fields, 
training effect and ac losses. The highest field achieved 
corresponded to 72 % of the critical current obtained by the 
short sample test. From these measurements, it was confirmed 
that the present cable had a good reliability in super
conductive properties even for a long sample, but had a 
considerably large value of ac losses due to its hiqh aspect 
ratio and the inductive coupling between composites. 

Propagation velocity of normal zone and minimum quench 
energy (MQE) were observed in the simulating coil. The 
theory on propagation velocity gave the steady equilibrium 
cooling and also the transient effect on cooling in the coil by 
comparison with experimental results. The MQE obtained by 
numerical simulation agreed almost with the experimental 
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values. 

The values of MQE calculated were converted into the 
contour lines in the figure of critical current vs. magnetic 
field. The contour lines were regarded as a measure of 
stability of the magnets in the region between recovery and 
critical currents. It was concluded from the figure that 
the MQE in the pancake magnet decreased about by one order 
due to training effect with increasing number of quenches and 
reached the theoretical value of 6.2 mj for the maximum 
field achieved. 
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Characteristics of the cable and insulation in the 
present work. The braided cable was spirally wrapped 
by glass tape Impregnated with B-stage epoxy resin 
for insulation. 

Composite 
filament material NbTi 
composite diameter 0.22 mm 
filament diameter 8.7 jm 
number of filaments 271 
copper/superconductor ratio 1.36 
twist pitch 20 mm 
Braided cable 
width 19 ran 
thickness 0.50 mm 
aspect ratio 3B 
number of composites 138 (6x23) 
compact ratio 0.51 
transposition pitch 25 mm 
impregnation metal Sn-4*bAg 

Insulation 
width of glass tape 10 mm 
thickness of glass tape 0.15 mm 
pitch of spiral wrapping 12 mm 
epoxy ratio of impregnated tape 0.2 
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Table 2. Specifications of the pancake magnets. 

inner diameter of the winding 
outer diameter of the winding 
hight of the winding 
number of layers 
overall winding tension 
load line (center, field) 
inductance 
length of the cable used 
overall thickness per layer 
ratio of the average field at the most 
inner layer to the center field 1.33 
ratio of the average radial field to 
the center field 0.30 

80.5 jnm 
130 mm 
44 mm 
35 
20 kg 
7.6 G/A 
146 uH 
22.6 m 
0.71 nnt 

Table 3. Parameters used In calculation of ac losses. 

H : magnetization per unit volume of conductor and written 
by 2p 0M cd/3ir 

B™=,»: maximum field max 
D : ramp rate 
BQ : doubling B 
A : filament filling factor in the conductor 
J : superconductor critical current density 
d : superconductor filament diameter 
4L : conductor transposition pitch 
D : composite diameter 
a : conductor thickness and approximately written by 2D 
2W : conductor width 
a : conductor aspect ratio and written by 2H/a 
p(s): intercomposite matrix resistivity 
t(s): composite insulator thickness 
n : number of composites in the conductor 
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Table 4. Characteristic parameters of ac losses of cables at some laboratories. Symbols 
explained in Table 3. 

Laboratory Cable Bn 
T/S 

P(a) 
Urn a 4L 

cm 
a<nL| 2 

Rutherford Lab, 1)Cable 8.2a»l.95mm2 

organic Insulation 
1.8 4.4S 

2) B.23«1.B5 
AgSn coat 
Pb impregnation 

1.SxlO-3 2x10-8 4.45 

BNL 
1J Braid 19.05«fl.55 

AgSn coat 
Intl impregnation 

4.0X10 - 6 2x10-9 34.6 

2) 15.9xO.G9 
AgPn coat 

l.lxlO"3 9x10-8 23.0 

3) 18.3x0.66 
CuNi jacket 

B.lxlO"2 IxlO-S 27.7 

4) 18.3x0.66 
CuNi jacket 
InPb impregnation 

2.3«10-s 3x10-9 27.7 11.' 3.9xl03 

FNAL ' 
1)Cable 7.62x1.27 

23 strands 
AgSn impregnation 

J.9«X0"3 6,0 

2) 7.62x1.27 
23 atrands 
AgSn coat 

S,9x10-2 6.0 6.3 l.lxlO2 

XBX 
1JBraid 25*0.6 

organic insulation 
2) 19>0.S 

AgSn impregnation 

2.7«10-4 

3.8«10"S 2x10-8 
41.7 
38.0 25,0 2.8x10* 
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Fig. 1. Dependence of critical current on magnetic field. Critical current Is 
plotted for two temperatures of 4.3 K and 3.2 K. Marks stand for 
experimental results. 



Radial direction 

Fig. 2. Calculated magnetic field distribution in a quarter of 
cross section of winding of the pancake magnet. Vectors 
indicate the direction and the relative strength of 
field. The left down corner of the figure is the center 
of magnet bore. 
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Current lead 
(Copper) 

Bandage 
(epoxy-impregnated 
glass tape) 

Cooling 
channel 

Insulator 
(epoxy-
impregnated 
glass tape) 

Insulator 
(FRP) 

Winding 

Core 
(stainless 
s tee l ) 

Fig. 3 . Schematic i l l u s t r a t i o n of a part of the pancake magnets. 
Care was taken i n construction that the f i n of current 
lead did not cover the cooling channel. 
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Fig. A. Tension machine used for winding of the pancake magnet. The 
tension which is applied to the cable can be adjusted by the 
number of lead blocks. The largest wheel in which the cable 
is Initially wound is braked automatically to hold the lead 
blocks in a suitable position. A drum brake for a car is 
worked by air pressure of several atoms to produce the power. 
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Fig. 5. Pancake magnet suspended from a frange of the cryostat. The 
picture shows a single pancake magnet. 
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Ramp rates In excitation are given in the figure. 
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0 400 800 1200 
Current (A) 

Fig. 11. Curious behavior of magnetic field observed in 
excitation. A solid line stands for the field 
obtained experimentally as a function of current. 
A mark of circle shows the field achieved at a 
fast ramp rate and a mark of rectangle the field 
achieved at a slow ramp rate (5 A/sec). A dashed 
lines stands far calculated relation between 
field and current. 
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supply 

Current 
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Cancellation 

Fig. 12. Electric circuit used In measurement of ac losses. The voltage from'a pick up 
coll placed near the bus bar 1B added to the signal which Is obtained between 
ends of magnet. The addition Is made to cancel the voltage from magnet inductance. 
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Fig. 13. Chart of ac losses obtained with an X-Y recorder. 
The area enclosed stands for the value of ac losses 
for a cycle of sweep. The signal of voltage Integral 
did not return to the origin for a sweep of slow ramp 
rate probably due to drift of the integrator. 
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Fig. 16. Extrapolated dependence of ac losses on ramp rate for the double pancake magnet. 
AC losses at the maximum center field of 1.1 and 0.54 T show the experimental 
values and those at maximum center field of 4.0 T show the values extraporated 
from the data presented In Fig. IS. 



cable 

composite 
wire 

Fig. 17. Schematic illustration for the parameters of cable used for in 
calculation of ac losses. The left figure shows a cable and the 
right one a composite coated with some metal. The composite is 
enlarged for easy understanding. Detailed explanations for these 
parameters are written in Table 3. 
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Fig. IB. Schematic illustration of the coil used for two experiments of 
propagation velocity of normal zone and HQE. The cable is 
wound around an aluminum bobbin and placed in a bias magnet. 
Current is applied-only to the middle cable. 
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The distance between taps of each pair was 5 cm. The distance and propagation time gave the 
propagation velocity. 
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Fig. 20. Propagation velocity of normal zone vs. transport current for six fields 
of 0, 1, 2, 3, 4 and S T. Six types of marks Indicate the experimental results. 
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Fig. 21. Propagation velocity of normal zone vs. transport current 
at two temperatures or 4.3 and 3,2 K In the field of 5 T. 
The temperature of 3.2 K was obtained by decrease of 
pressure in the cryostat. 

Fig. 22. Observation of recovery current (I r) 
and minimum propagating current (I^p). 
Procedure for measurement la described 
in the text. 
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Fig. 23, Recovery and minimum propagating currents vs. magnetic field at two temperatures. 
Rectangles and triangles show the values measured at 4.3 K and 3.2 K, respectively. 
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Fig. 24. Propagation velocity of normal zone obtained by experiment 
and calculation at a temperature of 4.3 K. Three types of 
marks show the experimental results at magnetic fields 
indicated in the figure. The solid, dotted and dashed 
lines show the values calculated under the conditions 
explained in the test. 
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Fig. 25. Cooling Q and heat generation G as a function of temperature T. 
'. The solid lines of q are plotted for two propagation velocities 
of zero:and 2.2 m/sec. The dashed lines are the steady state 
cooling which giveB the best fit of the values of calculated 
velocity to the experimental ones. The dotted line shows the 
linear coaling with h » 1.7 kw/m2K. The solid line of G shows 
the ohmic heat generation under the" condition of field 5 T and 
current 2000 k. The temperature at which the steady state cool
ing equals the heat generation is defined as T f l a. 
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Fig. 26. Heater current and voltage from the thermocouple recorded 
with an oscillograph. Temperature trace uas obtained after 
application of heater current (time duration of 10 m sec) 
under the condition of transport" current of zero. 
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Fig. 27. Calculated relation between input energy and peak temperature. 
Solid lines stand for the input energy (Qin) for six fields 
of 0, 1, 2, 3, 4 and 5 T. The lines are arranged downward 
in order of mention. A dotted line stand for the stored 
energy for a field of A T. The conditions for calculation 
are explained in the text. 
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Fig. 28, Minimum quench energy (HQE) vs. magnetic field. Six typeB of marks stand for 
.experimental results at BIX different values of magnetic field vhlch are indicated 
in.the. figure, respectively. 



Current I (A) 
Fig. 29. The value of HQE obtained by experiment and 

calculation as a function of transport current 
for three fields of 3, A and 5 T„ Three types 
of marks stand for the experimental results. 
Dashed and solid lines stand respectively for 
the calculated results for the cooling of case 
(A) and (B). Calculation was carried out under 
the conditions of disturbance length of 10 mm 
and time duration of 10 m sec. 
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Fig. 30. Performance of the pancake magnet and contour lines 
calculated on the HQE for the cooling of case (B). 
Two types of marks of triangle and circle stand for 
the fields obtained in the first and fifteenth 
excitations, respectively. Characters of I c, I ^ 
and I stand for the critical, minimum propagating 
and recovery currents, respectively. 
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