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Our invention relates to superconducting magnet coils. 
With such coils, particularly those of large dimensions, 

an inadvertently or intentionally effected transition from 
superconductance to normal conductance may result in 
high voltages and heat concentrations at individual parts 
or localities of the coil winding. These occurrences tend 
to damage or destroy the coil insulation or to melt the 
superconductor at individual points, thus rendering the 
coil inoperative. 

It is an object of our invention to device a superconduct 
ing magnet coil in which excessive voltages and excessive 
heat concentrations in individual parts of the winding, 
due to occurrence of transition, are effectively prevented. 

According to the invention, we provide a plurality of 
ohmic resistance bridges between adjacent windings or 
turns of the superconducting coil so as to secure a rapid 
propagation of the transition; the resistance of these 
bridges being su?iciently large to prevent the current 
?owing through the bridges during the build-up period of 
the coil excitation and then heating the coil, from reach 
ing a value detrimental to the superconducting property 
of the coil. On the other hand, the absolute resistance 
values of the ohmic bridges are kept lower than the re 
sistance of an individual portion of coil wire as may initial 
ly convert to normal conductance, such a wire portion 
being short in comparison with the length of a winding 
turn. 
That is the material of the resistance bridges has a high 

er speci?c resistance than the coil material when the lat 
ter is in the condition of normal conductance, but the re 
sistance bridges nevertheless have a smaller absolute re 
sistance value than a given short length of such a coil-wire 
in normal conductance, for example a wire piece of 1 
centimeter length. The resistance bridges which thus may 
form a current path from winding to winding or turn to 
turn in the vicinity of such a short coil-wire piece in transi 
tion to normal conductance, are preferably about 5 to 50 
micron long and are interposed between the individual 
Winding turns. 
The ohmic resistance bridges according to the inven 

tion may be located at several individual points of each 
winding turn or they may extend over the entire periphery 
of the turn. It will be understood that the resistance of 
the bridges must be at least so large that, when the cur 
rent intensity gradually increases while the excitation of 
the coil is being built up, the current ?owing through the 
bridges produces within the coil only a small amount of 
heat which can readily be dissipated by the surrounding 
cryogenic medium, such as a bath of liquid helium, and 
hence without appreciably increasing the temperature of 
the superconducting coil material. For this reason, mas 
sive resistance bridges of silver, copper and the like good 
conducting materials are not suitable for the resistance 
bridges. These bridges rather consist of material having 
a much higher speci?c resistance such as a coating or mix 
ture containing carbon granules, as will be more ‘fully 
described hereinafter. 
The superconducting material of the magnet coil may 

consist of any metal or alloy known for such purposes. 
For example, when forming the superconducting coil of 
niobium-zirconium or niobium-tin alloy, a temperature 
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2 
increase from 4.2 to 5.2” K. is still permissible because 
it decreases the loadability of the winding only by a slight 
percentage, namely by less than 15% in the example just 
mentioned. It is therefore of advantage in some cases 
to reduce the rate of current increase, during starting-up 
of the excitation of a superconducting magnet coil 
equipped with resistance bridges according to the inven 
tion, down to a fraction of the initial rate of current in 
crease, as soon as the current approaches the critical 
intensity value at which the transition is about to occur. 
As explained, the absolute resistance of the ohmic 

bridges according to the invention is considerably smaller 
than that of a short coil-wire piece, for example in the 
dimensional order of 1 centimeter, which during transi 
tion has converted to normal conductance. If under these 
conditions the transition occurs in a piece of a few centi 
meters, for example, the absolute resistance of this wire 
piece increases to a multiple of the resistance value of 
the resistance bridges between the windings. Thus, the 
shunt path now formed by the ohmic resistance bridges 
and the still superconducting adjacent winding turns, 
with respect to the coil piece already converted to normal 
conductance, has a lower resistance than the now normal 
conducting coil piece. The conductor current therefore 
commutates onto the adjacent winding turns with a time 
constant determined by the inductivity and the resistance 
difference of the, two parallel current paths. With the usual 
wire dimensions, this time constant is in the order of 
magnitude of l0—8 second. As soon as an adjacent wind 
ing turn is loaded in this manner with commutated cur 
rent in addition to the current already traversing this 
winding, the condition for transition in the neighboring 
winding turn is established or promoted. As a result, the 
phenomenon of transition is rapidly propagated through 
the entire coil layer within a few microseconds. 

In this manner, the magnetically active current ?ow 
or ?ux in the windings of one layer is substituted by a 
transverse current passing through the ohmic resistance 
bridges. Since this transverse current flows parallel to the 
coil axis, it does not by itself produce a magnetically 
active ?ow (?ux). For that reason, the current in the 
other layers of coil windings increases. Consequently, at 
those localities where the current is closest to the critical 
current value, new transitions are released. These again 
propagate within a few microseconds throughout the par 
ticular coil layer. Thus an entire multi-layer coil converts 
to normal condition within fractions of milliseconds. 
When this condition is reached, the resistance bridges 
are relieved of the transverse current because the voltage 
induced in each winding is now consumed by its own ohm 
ic resistance. Due to the short duration of the total transi 
tion period, the heat concentration in the locality ?rst 
convered to normal conductance is still harmless. 
As to the magnitude of the resistance value to be 

given to the ohmic bridges according to the invention, the 
following condition is signi?cant: The resistance value is 
preferably made so small that the product of the number 
of winding turns, the resistance value of the bridge be 
tween two winding turns, and the rated current of the coil, 
is smaller than the breakdown voltage of the winding 
insulation at the most unfavorable spot. Depending upon 
the rate of current increase, the size of the coil, the num 
ber of windings, the insulation and the cooling conditions, 
the resistance value of the bridges is approximately be 
tween 0.1 milliohm and 1 ohm. Only under extreme con— 
ditions is it advisable to select a resistance value outside 
of this range. 
As explained, the resistance between two mutually ad 

jacent windings is formed by bridges of material which 
has a relatively poor conductivity, This material consists 
for example, of a conducting varnish with which the 
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superconducting wire of the coil is coated, and/or of a 
carbon-containing paste interposed between winding turns 
wound in spaced relation to each other. The layer of 
conducting varnish with which the wire is coated may 
have a thickness of 10 micron, for example. Preferably, 
the materials for the resistance bridges consist of ?ne 
granular graphite or other carbon or also of granular 
metal, or mixtures of such substances distributed. colloid 
ally in insulating varnish or synthetic resinous plastic of 
the kind conventionally employed in electrical equipment 
for insulating purposes. Such resistance bridges in dry 
condition and at the cryogenic temperatures of the super 
conductor, for example at 4.2° K., exhibit speci?c resist 
ances of 0.1 to 10 ohm-cm, depending upon the di 
mensions of the coil and the wire. 
Another way of providing for the ohmic resistance 

bridges is to simultaneously wind a thread of glass ?ber 
or glass wool, particularly a glass-?ber material im 
pregnated with conducting varnish or conducting casting 
resin or potting resin, together with the superconducting 
wire so that the glass-?ber thread is ?rmly located between 
adjacent winding turns on the spool or carrier of the 
winding. The glass-?ber thread is preferably made slightly 
thicker than the wire. When the layers of coil windings 
are being wound upon each other, the thread is ?rmly 
pressed against the wire thus providing for a su?icient 
contact engagement between wire and thread. If it is de 
sired to produce the ohmic resistance bridges not uniform 
ly along the entire periphery of the winding turns, but only 
at individual localities, the impregnation of the thread is 
to be effected only at these particular localities. 
The invention will be further explained with reference 

to embodiments of superconducting magnet coils accord 
ing to the invention illustrated by way of example on the 
accompanying drawing in which: 

FIG. la shows schematically and in section a portion 
of a ?rst coil, and FIG. 1b is a corresponding cross-sec 
tional view. 

FIGS. 2, 3 and 4 show respectively. three other em 
bodiments also by partial views and in section. 

In all embodiments, the spool or carrier of the coil is 
denoted by 1, insulating intermediate layers between the 
individual winding layers are denoted by 2, the coil axis 
by 3, the cross section of the bare superconducting coil 
wire by 4. The coating of the superconducting coil wire 
is denoted by 5, this coating having only poor conductance 
in comparison with the wire itself. Disposed between the 
individual layers of windings are copper foils 6. 

In the embodiment according to FIGS. la and lb, the 
layers of the coil winding are individually insulated within 
the winding space of the spool 1. The spool structure 
may consist of copper, for example, and be lined with 
an insulating foil 2a. Placed between the winding layers 
are insulating intermediate layers 2. These consist of a 
material of good mechanical stability, name-1y with re 
spect to pressure, tearing and bending forces, at all oc 
curring operating temperatures including those in the 
vicinity of absolute zero. Particularly well suitable as ma 
terial for the intermediate layer 2 is polyethylene ter 
ephthalate. In distinction from conventional magnet coils, 
the superconducting wires of niobium-zirconium alloy are 
not insulated but are provided with a coating 5 of rela 
tively poor conductance, which consists of the above 
mentioned conductive varnish or similar material, to se 
cure the desired transfer resistance from turn to turn. 

It is further preferable to have the superconducting 
wire piece which interconnects two adjacent winding 
layers of the coil, contacted by a metallic conductor, par 
ticularly a copper foil. Such a foil is shown wound onto 
the wire piece at 11 in FIG. lb. The metallic conductor 
then commences to conduct the current from the wire 
piece which interconnects the two layers, as soon as 
these layers have converted to the condition of normal 
conductance. This is advantageous because the mentioned 
transfer localities between two winding layers are not 
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4 
protected by the resistance bridges according to the inven 
tion and therefore are particularly jeopardized in the 
event of transition occurring at these localities. ' 

In the embodiment of FIG. 2, each winding layer is 
separately insulated with respect to the spool structure 
1 and relative to the copper foils 6 placed between the 
winding layers. The copper foils may be short-circuited 
by being electrically connected with each other, or they 
may also be left unconnected. The heat generated in the 
coil is conducted by the copper foils to the spool structure 
1 and thence to a surrounding bath of liquid helium (not 
illustrated). The thickness of the copper foils is chosen 
in dependence upon the axial length of the coil and is 
about 5 to 50% of the coil-wire diameter, the thicker 
foils being used with, the longer coils. 
To prevent the copper foils from being electrically 

in conducting connection with the spool structure, an in 
sulating lining 2b is preferably provided between the 
spool structure and the foils, the edges of the foils being 
bent upwardly as illustrated. For the same reason, namely 
for preventing short-circuit currents, the copper foils 
may be slitted along their edge in parallel relation to 
the coil axis up to the middle of the coil, such slits being 
shown at 12 in FIG. 2. 
The use of thermally and electrically good conducting 

foils, such as the above-described copper foils, is also 
of advantage without the conjoint provision of the above 
mentioned ohmic resistance bridges. That is, such foils are 
also applicable to advantage in other superconducting 
coils for the dissipation of heat and/ or the rapid propaga 
tion of a transition once it has occurred. In a coil whose 
conductors are coated with a good heat-conducting ma 
terial, the foils are preferably employed for heat dissipa 
tion by placing them electrically insulated between the 
layers of coil windings. Furthermore, such coils, if placed 
in contact directly with the coil wires which are coated 
with conducting varnish or similar material, may con 
tribute to rapid propagation of a transition as will be 
further explained below with reference to FIG. 3. 

In the embodiment of FIG. 4, the resistance bridges 
between the winding turns 4 of bare superconducting 
wire, are formed by a paste 7. After winding of each 
individual layer of turns, the paste is inserted into the 
spaces between the turns which are kept suitably spaced 
from each other. The resistance paste may contain colloi 
dally distributed graphite or other carbon material and/ or 
metal as described above. 

In the embodiment of FIG. 3, several axially short 
component coils 9 are placed about a cylindrical spool 
or coil carrier 8. Each component coil 9 has only a rela 
tively small number of winding turns 4 per layer, for 
example a few hundred turns, the wire being coated with 
conducting varnish 5. The resistance bridges are formed 
not only between each turn and the adjacent turn, but 
are effective through intermediate layers 6 of copper 
between each turn and all other turns of the same layer. 
Although this results in a larger amount of parallel cur 
rent when the coil is being charged up, the heat dissipation 
is particularly well effective by virtue of the axially short 
intermediate layers of copper which directly contact a 
bath of liquid helium (not illustrated). In this manner, 
the large heat losses occurring during the build-up period 
of the coil excitation can be dissipated without appreciable 
increase in temperature. The free space-between the inter 
mediate layer 6 of copper and the wires 4 coated with 
varnish 5 may be ?lled with a resistance paste as men 
tioned above with reference to FIG. 2. 

In the embodiment of FIG. 4, the resistance bridges 
are formed with the aid of threads 10 which are wound 
between the wire turns 4 and have a relatively poor con 
ductance. The threads consist of glass wool or similar 
glass-?ber material impregnated with the above-men 
tioned conducting varnish or conducting synthetic resinous 
plastic. If desired, the glass-?ber threads may be im 
pregnated in this manner only locally along a length of 
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about one centimeter, each impregnated locality being 
spaced about _ten centimeter from the next impregnated 
locality. The glass~?ber threads 10 have a somewhat 
larger diameter than the wires 4 and, during winding oper 
ation, are ?rmly pressed between the wire turns and the 
insulating intermediate 'layers 2, so that a su?icient elec 
trical contact between the threads and the superconduct 
ing wire is secured. The remaining free space between the 
insulating layers 2, the wires 4 and the threads 5, may 
be ?lled with a resistance paste as described above with 
reference to FIG. 2. 

It may happen that the surface of the bare super 
conducting wire suffers corrosion, for example by oxida 
tion or the elfect of nitrogen. As a result, the surface 
resistance of the wire may have an order of magnitude 
equal to, or larger than, that of the resistance bridges 
between the individual winding turns. Under conditions 
where such corrosion is to be expected, it is advisable to 
provide the superconducting wire with a protective coat 
ing, preferably of silver, gold or copper. The thickness of 
such coating should be approximatley 0.5 to 5% of the 
wire cross section. The coating may be deposited during 
drawing of the wire or by electrolytic deposition. Aside 
from the improvement with respect to the transverse re 
sistance between the individual windings thus obtained, 
the metallic coating on the super-conducting wires also 
improves the heat conduétance and thus promotes a 
more rapid propagation of the transition along the super 
conducting. 
As mentioned, the resistance bridges provided accord 

ing to the invention between the windings or turns of a 
superconducting magnet coil, not only reduce voltage 
stresses during transition, but also prevent excessive heat 
concentration at individual localities of the coil. The mag 
netic energy of a large coil, if uniformly distributed over 
the entire coil, may increase the temperature of the 
superconductor by several hundred degrees Kelvin. The 
temperature increase, however, can be limited to a max 
imum of about 40° K. by increasing the coil mass, for 
example by interposed copper inserts or by providing 
heat-conductively inter-communication hollow spaces 
?lled with evaporating liquids such as nitrogen or water. 
If no local overheating occurs, a limit of about 400° K. 
is not detrimental to the insulation of the windings. 
Without special expedients, however, the transition, com 
mencing at one locality, propagates only over a small 
fraction of the entire wire length, and the temperature in 
crease in this considerably much smaller volume is much 
higher than may have been computed for the entire coil. 
‘Consequently, without the bene?t of the present inven 
tion, not only the insulation of the superconducting coil 
is endangered, but the wire itself may melt locally de 
spite the fact that this require temperatures of 2000" K. 
or more. 

The resistancebridges provided according to the inven 
tion between adjacent windings take care of having the 
transition rapidly propagated over large portions of the 
coil, particularly rapidly throughout each individual layer 
of winding turns. This requires that a bridge to the ad 
jacent winding is present not only at a single locality of 
the winding, but at least at several localities of the pe 
riphery. It is most favorable if the ohmic resistance 
bridges between the windings virtually extend over the 
entire periphery. For very large windings, for example 
with more than 1 meter wire length per turn, it is ad 
visable, however, to provide the resistance bridges only 
at individual localities because otherwise the total resist 
ance of the ohmic bridge, if continuously extending be 
tween the windings over the entire periphery, would be 
too small. 
To those skilled in the art it will be obvious upon a 

study of this disclosure that our invention permits of 
various modi?cations and may be given embodiments 
other than particularly illustrated and described herein, 
within departing from the essential features of our inven 
tion and within the scope of the claims annexed hereto. 
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6 
We claim: 
1. A superconducting magnet coil comprising layers of 

windings of superconducting material mutually insulated 
from each other and having axially sequential winding 
turns, and a plurality of ohmic resistance bridges inter 
posed between adjacent turns and resistively interconnect 
ing said turns, said bridges having a high resistance rela 
tive to that of a respective winding when said winding is 
in superconducting condition so as to limit the bridge cur 
rent to a permissible value during build-up periods of coil 
excitation, and said bridge resistance being lower than that 
of a given fractional length of a single turn when in con 
dition of normal conductance, whereby excessive voltage 
and heat concentration due to local initiation of transi 
tion in the winding is prevented, said resistance bridges 
being formed of composition material containing em 
bedded ?ne-granular substance from the group consisting 
of carbon and metal. 

2. A superconducting magnet coil comprising layers of 
windings of superconducting material mutually insulated 
from each other and having axially sequential winding 
turns, and a plurality of ohmic resistance bridges inter 
posed between adjacent turns and resistively interconnect 
ing said turns, said bridges having a high resistance rela 
tive to that of a respective winding when said winding is 
in superconducting condition so as to limit the bridge cur 
rent to a permissible value during build-up periods of coil 
excitation, and said bridge resistance being lower than that 
of a given fractional length of a single turn when in con 
dition of normal conductance, whereby excessive voltage 
and heat concentration due to local initiation of transi 
tion in the winding is prevented, said resistance bridges 
comprising a body of synthetic plastic with embedded and 
colloidally dispersed ?ne-granular substance from the 
group consisting of carbon and metal. 

3. A superconducting magnet coil comprising layers 
,of windings of superconducting wire mutually insulated 
from each other and having axially sequential and mutu 
a-lly spaced winding turns, and a plurality of ohmic re 
sistance bridges interposed between adjacent turns and 
resistively interconnecting said turns, said bridges com 
prising a body of synthetic plastic with embedded and 
dispersed ?ne-granular substance from the group consist 
ing of carbon and metal, the resistance of said bridges be 
ing higher than that of a respective winding when said 
winding is in superconducting condition so as to limit the 
bridge current to a permssible value during build-up pe 
riods of coil excitation, and said bridge resistance being 
lower than that of a given fractional length of a single 
turn when in condition of normal conductance, whereby 
excessive voltage and heat concentration due to local ini 
tiation of transition in the winding is prevented. 

4. A superconducting magnet coil comprising a wind 
ing of superconducting material having axially sequential 
winding turns, and ohmic resistance bridges interposed 
between adjacent turns and resistively interconnecting said 
turns, said bridges having a high resistance relative to that 
of said winding when said winding is in superconducting 
condition so as to limit the bridge current to a permissible 
value during build-up periods of coil excitation, and said 
bridge resistance being lower than that of a, given frac 
tional length of a single turn when in condition of normal 
conductance, whereby excessive voltage and heat concen 
tration due to local initiation of transition in the winding 
is prevented, said resistance bridges comprising glass-?ber 
threads wound between said turns and in contact there 
with, said threads containing a resistively conducting im 
pregnation to provide for said bridge resistance. 

5. In a superconducting magnet coil according to claim 
4, said impregnation being located at mutually spaced 
localities of said thread. 

6. A superconducting magnet coil comprising layers 
of windings of superconducting material mutually insu 
lated from each other and having axially sequential wind 
ing turns, and a plurality of ohmic resistance bridges in 
terposed between adjacent turns and resistively intercon 
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necting said turns, said bridges having a high resistance 
relative to that of a respective winding when said wind 
ing is in superconducting condition so as to limit the 
bridge current to a permissible value during build-up 
periods of coil excitation, and said bridge resistance being 
lower than that of a given fractional length of a single 
turn when in condition of riorrnal conductance, whereby 
excessive voltage and heat concentration due to local 
initiation of transition in the winding is prevented, said 
resistance bridges being formed of a layer of material 
consisting of conducting varnish. 

7. A superconducting magnet coil comprising layers of 
windings of superconducting material mutually insulated 
from each other and having axially sequential winding 
turns, and a plurality of ohmic resistance bridges inter 
posed between adjacent turns and resistively interconnect 
ing said turns, said bridges having a high resistance rela 
tive to that of a respective winding when said winding 
is in superconducting condition so as to limit the bridge 
current to a permissible value during build-up periods of 
coil excitation, and said bridge resistance being lower than 
that of a given fractional length of a single turn when in 
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condition of normal conductance, whereby excessive volt 
age and heat concentration due to local initiation of tran 
sition in the winding is prevented, said resistance bridges 
being formed of a layer of material consisting of insulat 
ing varnish containing embeddmi ?ne-granular substance 
selected from the group of substances consisting of car 
bon and metal. 
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