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3,671,902 1. 
SHIELDED INDUCTIVE DEVICE 

This invention relates to shielded inductive devices. More 
particularly, the invention relates to superconductive reactor 
coils in the form of a cylinder which are shielded so as to pro 
vide substantially no external field during operation. 
While it has long been known that the fields existing exteri 

or of an inductive device can be detrimental, the need for such 
shielding has not been particularly great, nor have means 
directed to achieving such shielding been particularly success 
ful. 

Normally, the field existing exterior of most inductive 
devices is not very large. Additionally, most inductive devices 
are complex devices, such as transformers, having primary 
and secondary windings and the shielding thereof becomes an 
exceedingly complicated task. Insofar as current is concerned, 
it has recently been desirable to utilize inductive reactors as 
storage media for pulsed high energy. Such use requires very 
high currents and with such currents, external fields may 
become a problem such as has not been the case in the past. 
Another use of a coil with a strong magnetic field is a super 
conducting coil for the field of an acyclic motor or generator, 
usually called homopolar machines. 

In some applications for high current utilization of inductive 
reactors, particularly wherein size and weight is a factor, su 
perconducting coils are often utilized therefor. In such in 
stances, the currents utilized may be exceedingly high and the 
magnetic fields resulting therefrom exterior of the coil are of 
such magnitude that shielding becomes not only desirable but 
necessary. 

It is, therefore, an object of the invention to provide mag 
netically shielded inductive reactors. 
Another object of the invention is to provide superconduc 

tive inductive reactors having a simple magnetic shield 
therefor. 

Still another object of the invention is to provide inductive 
reactors having simple, easily provided means for containing 
magnetic fields interior thereof. 
Yet another object of the invention is to provide a super 

conducting inductive reactor adequately shielded against stray 
inductances exterior thereof. 

Still another object of the invention is to provide means for 
determining the precise shielding required to render a given 
inductive device free of external fields. 

Briefly stated, in accord with one embodiment of the inven 
tion, I provide a cylindrical inductance coil with a shield com 
prising a plurality of conductive coils thereabout which sur 
round the coil both laterally and longitudinally along the axis 
thereof. Both longitudinal and lateral coils are removed from 
the most closely adjacent portion of the cylindrical coil a 
predetermined distance. A current is passed through each of 
the coils of the shield, which currents are just sufficient to 
produce magnetic fields thereat which are substantially equal 
and opposite to the magnetic fields caused at the shield by cur 
rent through the cylindrical coil. In a preferred embodiment, 
the same current passes through each of the shield coils and is 
the same magnitude as the current in the windings of the cylin 
drical coil. 
The novel features characteristic of the invention are set 

forth in the appended claims. The invention itself, together 
with further objects and advantages thereof, may best be un 
derstood by referring to the following detailed description 
thereof and to the accompanying drawing in which the sole 
FIGURE is a schematic diagram of a shielded cylindrical coil 
in accord with the invention. 
Most previous attempts to magnetically shield inductive 

devices have utilized added windings juxtaposed immediately 
at, or very closely surrounding, the structure of the main in 
ductive device. Such an approach is necessarily doomed to be 
impracticable and hence unsuccessful. It is well known in the 
art that magnetic paths must complete a full loop and the flux 
lines about any inductive device must be completely exterior 
of the device, Thus, in attempting to shield an inductance 
device agains the generation of exterior magnetic fields, one 
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2 
must utilize a shield which is sufficiently remote from the in 
ductive device as to allow for complete flux lines about the 
device immediately exterior thereof. 

In the drawing, a shielded inductive device represented 
generally as 20 includes a cylindrical coil 21 and a shield 
structure 22. Cylindrical coil 21 is in the form of a cylinder 
wherein the windings are confined to the cross-hatched wind 
ing area section which has an average winding radius a. The 
winding area also may be said to have a length b and a winding 
thickness c. For a coil of the type described herein, when b = c 
F 2a/3, one obtains a so-called Brooks' coil which produces 
maximum inductance for a given length and weight of wire. 
For purposes of construction, it may be more convenient, 
however, for use in an energy storage inductance, a cylindrical 
coil in which b = c = af2. Such winding gives nearly maximum 
inductance and has other advantages. A plurality of flux lines 
caused by the passage of current through the windings of coil 
21 are illustrated in the lower portion of the drawing. It is ob 
vious from the position of the dotted flux lines in the drawing 
that attempts to shield the flux lines and restrict them to the 
immediate vicinity of the coil are bound seriously to affect the 
operating characteristics thereof and, in all probability, be im 
practicable and unsuccessful. I have determined that a suffi 
cient proportion of the flux of the inductive reactor of the type 
disclosed herein is concentrated within a very close distance 
to the cylindrical coil such that it is practicable to shield the 
exterior space around the coil from inductance caused by cur 
rent within the coil provided that the distance between the ex 
terior portion of the coil and the nearest portion of the shield 
is at least as great as a/2. 

Accordingly, the shield 22, in accordance with the inven 
tion, comprises a shield support 23 which may be made of an 
insulating substance such as a polycarbonate resin or any 
other suitable non-magnetic and preferably insulating materi 
al. The dimensions of the support 23, which in general is in the 
form of a cylindrical "pillbox', are such that the diameter is 
great enough so that the distance from the outwardly depend 
ing portion of the cylindrical coil and the inner portion of the 
shield is greater than af2 and the length of the support is such 
that the distance between the longitudinal end of the cylindri 
cal coil and the longitudinal end of the coil support "pillbox' 
structure is also greater than a/2, preferably the same as the 
lateral distance from the support to the coil. 
Along the longitudinal end 24 of the shield support, a plu 

rality of concentric conductors representing coils 1-1, 2-2, 
3-3, 4-4 and 5-5 are wound. Coil 1-1 is represented by a 
circle in the upper portion of the diagram with an X indicating 
therein that the current in the coil flows into the diagram and 
by a circle symmetrical therewith at the lower portion below 
the longitudinal axis (represented by Z) having a dot therein 
indicating the current flows out of the diagram. Coil 1-1 is, 
therefore, a circular coil symmetric about the Z axis or lon 
gitudinal axis of the cylindrical coil. 

Coils 2-2 through 5-5 are concentric with coil 1-1 and 
are likewise concentric and symmetric about the longitudinal 
axis. Image coils, 1'-1" through 5'-5' are wound about the 
opposite longitudinal end 25 of the shield support and are 
similarly located at similar distances and carry the same cur 
rents as coils 1-1 through 5-5, respectively. Along the cylin 
drical surface 26 of shield support 23, a plurality of coils 6-6, 
7-7 and 8-8 are wound in the plane of the support cylinder 
concentric with the longitudinal or Z axis of the cylindrical 
coil and substantially equi-distant from one another. A plurali 
ty of image coils 6'-6", 7'-7' and 8'-8" are similarly wound 
on the opposite side of the cylindrical coil. For purposes of 
simplification in measurement, consider the center of the 
cylindrical coil as the origin in an orthogonal system of coor 
dinates. A dotted line extending perpendicular to the longitu 
dinal axis of the coil and to the surface of the cylindrical shield 
structure represents the X axis and also the X-Y plane, which 
is a plane of symmetry such that everything that is present on 
the right or plus side of the plane of symmetry is duplicated 
identically on the left or minus side of the plane of symmetry. 
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In order to determine the exact position of, and currents 
through each of the coils comprising the shield structure 
which are sufficient to cancel out the exterior field thereat 
caused by the current in the cylindrical coil, one may un 
dertake the following mathematical exercise, Consider that an 
unknown current X exists in coil 1-1 (and also 1'-1" as 
well) and an unknown current exists in each of the coils up to 
current X in coil 8-8 (and 8'-8" as well). 

It is necessary then to assume an arbitrary size and shape of 
main coil and arbitrary positions of shield members to arrive 
at a first approximation of currents and positions by mathe 
matical analysis. One may proceed as follows. Arbitrarily, as 
sume a cylindrical coil having a mean radius a of 10 cm., a 
length b of 5 cm. and a winding depth c, also of 5 cm. Assume 
a shield structure coaxial and concentric with the main coil 
and having a radius of 20 cm. and a length of 20 cm. The eight 
coils 1-1 through 8-8 are positioned as is described herein 
before along the X and Z axes with coil 1-1 at a Z dimension 
of 10 cm. and an X dimension of 6 cm., each succeeding con 
centric coil is located at a position having an increment of 3 
cm. along the X axis from the preceding coil. Thus, the coil 
radii of coils 1-1 through 5-5 are 6, 9, 12, 15 and 18 cm., 
corresponding to X coordinates of 6, 9, 12, 15 and 18 all with 
a Z coordinate of 10 cm. The image coils 1"-1" through 5'- 
5' are at coordinate a Z of -10 and X coordinates of 6, 9, 12, 
15 and 18, respectively. Coil 8-8 is located at an X coor 
dinate of 20 and a Z coordinate of 1 cm.; coil 7-7 is located 
at an X coordinate of 20 and a Z coordinate of 3 cm. and coil 
6-6 is located at an X coordinate of 20 and a Z coordinate of 
6 centimeters. Image coils 8, 7' and 6' are respectively at X 
coordinates of 20 and Z coordinates of -1, -3, and -6, 
respectively. 
To satisfy the criterion that the flux exterior of a shield is es 

sentially zero, one assumes a plurality of 8 hypothetical circles 
or coils exterior of the shield and closely juxtaposed thereat. 
These are represented by coils 1'-1', 2'-2', through 
8'-8' which are located symmetrically along a hypothetical 
surface so that all coils are larger by 1.5 cm. in both X and Z 
dimensions than the shield support member 23. In order to 
satisfy the criterion of perfect shielding, it is required that the 
each of the 8 magnetic fluxes through the circles defined by 
1'- 1' through 8'-8" is zero. While for any given circle, it 
may be that a positive flux may exist through, say the center 
thereof, in one direction, a negative flux must then appear as 
an annalus thereabout at a greater radius section and the total 
flux through the circle must be zero. 

Utilizing the terms A to represent the coefficients of mu 
tual inductance between specific coils 1-1 through 8-8 with 
particular circles 1'-1' through 8'-8" and X to be the 
current in coils 1-1 through 8-8. Eight equations in form of 

i 

X Ai Xi= C, j 

representing a sum of the total flux through a given coil due to 
currents through the shield coils are set up to form a matrix of 
eight equations in the following form: 
AXA XAashaKA s.sta 16XotA1X-A 18Xe -C, 
AX,+AXAaxata Kassaska AXAX -C, 

A 
AaaaaXaAsaxalaskass's AssaaX, Asses ca 
AX+AXAXAXAsKA6XAX, +4.8K = C, 
AsXstas's AsashAsistassistashastas F Cs 
Ass Assass-Ass AssassetaeriassX FC 
AXAXAXAXAishasa.As = -C, 
As AXAsK+AXAssassXAs XAss F - C 
The respective C's, C, through C, must be made equal to the 
flux at the respective circles 1'-1' through 8'-8", due to 
the main current in the cylindrical coil, and of opposite 
direction thereto, so that they appear with a minus sign. These 
criteria specify that, with proper location and value of current, 
the external flux due to the total currents is made equal to 
ZO, 
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4 
The foregoing matrix has the following physical sig 

nificance. The first equation states that the flux produced in 
flux coil 1'-1" by the unknown currents X through X is 
equal to a value-C, which is equal and opposite to the flux C. 
produced through coil 1'-1' by all of the currents in the 
main coil. The result of the foregoing is to make the total flux, 
through turn 1'-1'zero. 
The cross-section of the main coil may be considered to be 

5X5 equal parts, which may for example, be each a centime 
ter square. Through the center of each one of the subdivisions, 
one may assume a circular turn carrying unit current and hav 
ing a radius R. The effect of this particular lampere current in 
a parallel plane Z centimeters distance is to produce through a 
coaxial turn R centimeter diameter, a flux equal to the follow 
1ng: 

F = 0.4 at (R-R)'' (2/Q-Q)K-2E/QMaxwells 
where K and E are the complete elliptic integrals of the first 
and second kind of argument Q, and 

O = 4R R/(R, +-R) -- Z. 
In these calculations, the term 0.4 T, which is the relation 

ship between flux and current, has been omitted since the rela 
tive values of flux, only, are of importance. The right-hand 
side of the first equation of the matrix, i.e., -C, then becomes 
the negative sum of 25 fluxes produced by the 25 substitute 
turns of the main cylindrical coil through flux measuring turn 
1'-1'. Similarly, the coefficients A are all the sums of 
pairs of values of fluxes produced through the coil 1'-1' by 
a unit current having a value of X in coils 1-1 through 8-8 
and the image coils on the opposite side of the axis of sym 
metry. The equations then set the condition that the net flux 
through all coils 1'-1' through 8'-8" is equal to zero. 
These equations, when solved, produce the values of cur 

rent (X) necessary for given positions to achieve complete 
flux cancellation. Should the solution be unsatisfactory by the 
empirically chosen positions of coils 1-1 through 8-8, new 
positions are chosen and the equations resolved by iteration 
and reiteration. Finally, with an appropriate number of solu 
tions of the equations of the matrix, both the values of the cur 
rents and the positions of the coils 1-1 through 8-8 are ob 
tained. 
Although it is possible to solve the foregoing equations by 

conventional means, modern computer technology makes the 
formulation of a simple program for the solution of the equa 
tions by iteration and reiteration utilizing a business computer 
a simple matter and one which is well known to those skilled in 
the art for the near-instantaneous solution of the equations to 
obtain the values of position and currents necessary to provide 
cancellation of the flux caused by the cylindrical coil at the 
surface of the shield such as to provide substantially a field 
free space exterior thereof. 
The number of equations solved is equal to the number of 

symmetrical pairs of coils utilized. A greater or lesser number 
may be utilized. It is assumed that the same currents pass 
through the coils on the other side of the axis of symmetry as 
their counterparts, namely that the current in coil 1'-1' is the 
same as the current in coil 1-1, for example. If there is no 
symmetry between 1-1 and 1'-1", etc., 16 equations in the 
form of those of the above matrix may be formulated instead 
of the 8 equations based upon symmetry. 

It is also possible, by solution of the equations of the matrix 
by iteration and reiteration to specify in the program that the 
ampere turns of the coils 1-1 through 8-8, namely, X 
through X, and proportional to the turns used in each of 1-1 
through 8-8, and that the same current flow in all coils of the 
shield. A solution by the computer of equations with this 
specified makes possible the fabrication of a single conductive 
structure with however, the requirement that current passed 
to and from each of coils 1-1 through 8-8 must be brought 
into the shield so as not to be cut by the lines of flux, causing 
perturbations of the currents therein. A helical structure is not 
contemplated in this structure. It is further possible that the 
program submitted for solution by iteration and reiteration 
may specify that the currents through the shield coils in addi 
tion to being identical to one another, be identical with the 
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currents in the main coil. Proper solution of these equations 
then yields the location of coils which may comprise the shield 
and which may carry the same current as is carried by the 
cylindrical coil, Such a specification is particularly desirable 
since any change in current carried by the cylindrical coil 
need not require a change in currents or position of the shield 
since increasing or decreasing of the cylindrical coil current 
automatically compensates for the flux generated by the shield 
Structure. 

As is noted hereinbefore, for convenience sake, the current 
carrying structure of the cylindrical coil was shown to be equal 
to an arbitrary size conducting unit. Similarly, the currents X 
through X utilized herein, although represented as a single 
value of current in a single coil at a precise point, as a practical 
matter may be implemented by a plurality of wires spanning a 
finite distance or, in the case of a superconducting field coil 
and shield by one or more windings of superconducting tape. 
in the case of a superconducting tape of NbaSn, for example, 
one tape cross-section may be approximately 0.0004 inch 
thick and approximately 0.5 to 1.5 cm. wide. Several turns of 
tape may comprise each winding. 
One set of currents for coils of a shield for the cylindrical 

coil, the dimensions of which were given above, was deter 
mined by solving the above equations utilizing a simple pro 
gram in Basic language on a GE 600 computer. The cylindri 
cal coil is composed of 25 arbitrary current-carrying turns 
with centers located at points in the Y-Z plane having coor 
dinates varying from Z's of -2 through +2 and Y's varying 
through 8 to 12 with the center of the cylindrical coil as the 
origin. The shield coils 1-1 through 8-8 are centered at 
coordinates in the Y-Z plane of (6,10); (9,10); (12,10); 
(15, 10); (18,10); (20,6); (20,3); and (20, 1). With each of the 
cylindrical coil arbitrary conductors carrying a hypothetical 
current of +1 A (total current of 25 A) the current for each 
coil is calculated A set of currents obtained is as follows: 
1.-1.4923 
2. - 17937 
3 - 1431 
4 -0.646649 
5. -0.295452 
6-0.6289 
7-0.678433 
8. -0.53847 

Each of the above currents may, as is mentioned before, be a 
composite of a set of distributed currents which are arranged 
about the given point. Thus, each of currents 1-8 may 
represent n equal currents symmetrically arranged linearly 
parallel to the shield support at the region and equidistant 
from one another along a line of length B centered at the given 
oint. 
p As an example of the above, when B = 2 cm. and n = F2, each 
of the eight currents, above, represents 2 equal currents of the 
following combined values equidistant from one another along 
a line parallel to the shield support and symmetrical about the 
point. Such values are, for n = 2 

... -1.443 
2. - 1858 
3. - . 1053 
4.-O.6507 
5-0.288 
6-0.6.17 
7-0.645.4 
8, -0.5791 

Similarly, when n = 4, 4 component currents of the following 
total values are evenly distributed about the point along the 
line 2 cm. long, as follows: 
1-1433 
2-1.885 
3 - 103 
4 -0.6525 
5. -0.2855 
6, -0.6.16 
7. -0.6407 
8. -0.5855 

6 
Similarly, when n = 8, 8 component currents of the following 
total values are evenly distributed about the points along a line 
2 cm. long as follows: 

1.-1.1431 
5 2. -1.18.9 

3. -1.1025 
4. -0.653 
5-0.2849 
6-0.6159 
7. -0.6398 
8.-0,587 
By the foregoing, I have indicated that if n becomes large 

only the total number of ampere turns distributed over the Y 
dimension B = 2 cm. becomes a constant number and for each 

15 shield coil a number of turns may be chosen so that the same 
current may be used in the shield and main coils fulfilling the 
ampere turn requirement. 

Also, by the foregoing, I have described a simple system for 
providing, and have provided a simple, yet effective magnetic 

20 shield for an electromagnetic coil such as substantially to 
prevent the existence of strayfields due to current through the 
coil exterior of a point that is a predetermined distance from 
the coil exterior sufficient to prevent flux leakage about the 
exterior thereof. 

While the invention has been set forth in terms of certain 
examples and embodiments thereof, many modifications and 
changes will readily occur to those skilled in the art. 

Accordingly, by the appended claims, I intend to cover all 
such changes as fall within the true intent and scope of the dis 

O 

25 

30 closure. 
What I claim as new and desire to secure by Letters Patent 

of the United States is: 
1. A magnetically shielded inductive device which exhibits 

no effective magnetic flux exterior thereof and comprising: 
a, a cylindrical inductance coil having a longitudinal axis, an 

average winding radius, a winding length and a winding 
thickness; 

b. a magnetic shield surrounding said cylindrical coil and 
comprising, 
b.first and secondsets of concentric windings concentric 
with said longitudinal axis and with one another 
disposed in two planes normal to said axis at each end 
of said cylindrical coil and at a first predetermined 
distance from either end thereof; 

b. a second plurality of windings concentric with said 
axis and lying in a cylindrical surface between the 
planes of said first and second sets of concentric 
windings and laterally surrounding said cylindrical coil; 

c. the windings of said shield being disposed from the exteri 
or of said cylindrical coil in all directions a distance of at 
least half said average winding radius; and 

d. means supplying a current within the respective windings 
of said shield sufficient to produce a resultant magnetic 
flux equal and opposite to to the magnetic flux thereat 
from said cylindrical coil so that total flux at a point im 
mediately exterior of said shield is substantially zero. 

2. The device of claim wherein the currents in each of the 
said pluralities of windings are independently established at in 
dividual values. 

3. The device of claim 1 wherein the currents in each of said 
windings are equal to one another. 

4. The device of claim 3 wherein said windings are con 
nected for common current flow. 

5. The device of claim 4 wherein said current in said 
65 windings is identical with current in the windings of said cylin 

drical coil, 
6. The device of claim 5 wherein said shield windings and 

said cylindrical coil windings are connected for common cur 
rent flow. 

7. The device of claim 1 wherein said cylindrical windings 
and said shield coils are of superconducting material, 

8. The device of claim 7 wherein said material is NbSn. 
9. The device of claim 1 wherein each of said coils of said 

first and second plurality of coils is constituted of a plurality of 
75 windings having an effective locus at a calculated point. 
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10. A method of providing a magnetic shield in the form of a of the form 
cylindrical array of circular coils about a cylindrical in 
ductance coil which shield is effective to substantially neutral 
ize leakage flux from said cylindrical coil at the surface of said X AiX = -C, 
shield which method comprises: 5 ir 

a. establishing an origin of coordinates at the center of a 
cylindrical coil having an average winding radius of a, a where A is a coefficient of mutual inductance between first 
winding thickness of b, and a winding length ofc, circular coils and hypothetical coils, i and j are indices of 

b. locating a first plurality of two n circular shield coils sym- individual circular and hypothetical coils respectively, X metrically located about the ends and cylindrical surface 10 
of said cylindrical shield, 
b. each of said coils having a location in an orthogonal 
system of coordinates based upon said origin; 

c. establishing a second plurality of hypothetical coils equal 
in number to said first plurality of circular coils and ex- 15 
terior thereof in said coordinate system; 

d. establishing a plurality of n equations having in terms each 

is the current in a particular indicated circular coil of the 
shield, and C is the flux at the jth hypothetical coil due to 
current in the cylindrical coil; 

e. solving said equations for the respective currents; and 
f. modifying the position of respective circular shield coils 
and repeating steps a-e until said currents are optimum. 

se xt xk sk sk 
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