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ABSTRACT 

Theoretical considerations of magnetic (active) shielding of 

space vehicles against charged-particle cosmic-radiation indicate 

inadequate treatment in feasibility studies. Simplified expres¬ 

sions for the magnetic vector potential lead to predictions of 

possibly fictitious completely-shielded regions. The mathematical 

model presented herein avoids this deficiency, and a method of 

determining the completely shielded regions is developed. Experi¬ 

mental investigations establish the capability of winding super¬ 

conducting solenoids and making junctions between superconducting 

wire and current-carrying leads. Junctions made by spot welding 

superconducting Nb-Zr wire to copper electrodes, including foil, 

prove to be superior in reliability, simplicity, and high current 

capacity. Critical currents in three superconducting solenoids, 

constructed to operate at 10-, 15-i and 22-kilogauss, were lower 

than those measured in short segments by amounts consistent with 

data in available literature. Persistent currents were estab¬ 

lished in two of the solenoids. 
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1. GENERAL INTRODUCTION 

The objective of this investigation is to provide theoretical 

and experimental analysis pertinent to the utilization of super¬ 

conducting magnets as shielding systems for the protection of space 

vehicles against charged-partiele radiation. The most dangerous 

charged-particle radiation for long space flights originates in 

solar flares and consists for the most part of high-energy protons. 

Artificial and natural trapped radiation, primary cosmic radiation, 

and other miscellaneous radiations are of lesser importance, al¬ 

though the analysis is applicable to any energetic charged-particle. 

Reference 1 contains a comprehensive discussion of space radiation 

hazards. 

Although protons of energies less than 50 to 100 Mev are 

readily stopped by passive (bulk) shields, the bulk shielding weight 

required to stop increasingly higher-energy protons and their sec¬ 

ondaries becomes excessive. Shielding will probably be required for 

protection against protons of energies up to 500 Mev or 1 Bev, and 

it is conceivable that this protection can be accomplished by mag¬ 

netic shielding systems with weight companatively less than that of 

equivalent passive shielding. Magnetic (active) shielding systems 

necessarily involve superconducting current elements because of 

weight and power requirements. 

Independent investigations were pursued in theory and experi¬ 

ment. The theoretical analysis, accomplished by J. M. Norwood, is 

recorded in Section 2. The experimental investigation, performed 

by P. L. Gibbons, is reported in Section 3. Conclusions and recom¬ 

mendations for further work are in Section 4. 
1 



2. THEORY OP MAGNETIC SHIELDING 

The original aim of the theoretical study was to Investigate 

the active-passive shielding capabilities of the structural mater¬ 

ial and superconducting colls of active-passive shielding config¬ 

urations; that Isi the aim was to study the shielding provided by 

the magnetic field and bulk material combined. Past tentative studies 

(Refs. 2 and i) Indicate that combined active and passive radiation 

shielding offers no significant advantage over passive shielding 

alone, but active-passive studies are still of Interest because of 

the necessary thicknesses of superconducting material and support 

structure. Large thicknesses of bulk material may modify and pos¬ 

sibly negate active shielding design. 

A study of available active-shielding literature resulted In a 

shift of emphasis to more basic studies. Meaningful active-passive 

investigations are premature since they should be based upon know¬ 

ledge of realistic shielding geometries and associated magnetic 

fields. No such information is available. Active-passive shielding 

studies are but one phase of the more general active-shielding design 

problem and should be treated as such. 

The most prominent investigation of active shielding is that of 

Levy (Ref. 4). His analysis predicts a toroidally-shaped completely- 

shielded region surrounding a circular current-loop. Accordingly, a 

superconducting ring with large diameter or a configuration of such 

rings centered on a common axis was chosen for study as a reasonable 

field-producting geometry. Configurations of such current rings 

centered about a common axis and spaced so that individual completely- 
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shielded regions are contiguous should provide effective active 

shielding; rings placed on appropriately spaced circles of latitude 

on a spherical surface, for example, should shield the interior of 

the sphere (except possibly at the poles). 

Levy's analysis, which was only preliminary, was based upon a 

simplified mathematical model possessing :> fictitious infinity which 

necessarily insures the existence of the toroidally-shaped completely- 

shielded region. Such infinities do not occur in nature, and under 

circumstances to be explained the completely shielded region may not 

exist. More realistic equations have been derived and a method of 

investigation has been devised which should clarify this problem and 

should be useful in active-shield design. Active-passive shielding 

studies can be resumed, if desirable, once realistic active shield¬ 

ing design configurations are obtained. 

2.1 Analytical Formulation 

The fundamental theory underlying active shielding is due to 

3tb‘rmer and was originally applied to the motion of cosmic rays in 

the magnetic field of the earth. Since the literature on Stomer's 

theory is extensive (see for example Ref. 5), the presentation to 

follow is somewhat brief. An example of St'drmer's theory applied to 

dipole shielding of space vehicles can be found in Reference 6. 

The equation which leads to the definition of completely shielded 

regions (forbidden regions) in Sto*rmer's theory for an arbitrary 

axially-symmetric magnetic-field is easily derived from the relati¬ 

vistic Lagrangian, which is 

L = m0c2[l *Vl-(v/c)2 ] + év 't (1) 
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e the In which m0 is the particle rest mass, c the speed of light, 

particle charge, v the particle velocity, and t the magnetic vector 

potential. In spherical polar coordinates r, 9, and 0 

v2 - f2 + r2 è2 + r2 02 sin29 (2) 

where 9 is the co-latitude angle and 0 is the longitude. It can be 

shown that 

v • t • Ar0 sin 9 (3) 

since t • 10A in an axially symmetric field* Application of the equa¬ 

tion 

-ij - Q - ° (“i dt 30 30 

to Equation (l) and subsequent integration over time yields 

mr20sin29 + eAr sin9 « p (5) 

where p is an arbitrary constant. Mass m is also constant since v 

is constant in a magnetic field. In the limit as r approaches in¬ 

finity, A approaches zero and the first term of Equation (5) ap¬ 

proach« ! p. Thus p is the initial condition at infinity of the 

component of the angular momentum about the axis of symmetry. In 

the absence of the magnetic field, a particle from infinity would 

pass the origin of coordinates at a distance of closest approach b. 

Hence 

p = mvb cosH, - 00 < b < p* (6) 

where H is the angle between i"Vmv and the axis of symmetry and is 

evaluated at "r = B* (when É = O). 
4 



The component of v in the plane of symmetry of the magnetic 

field is 

v0 » résine ! 

so Equation (5) can be written 

where 

Q * ÏÉ s b cos» 
v r sine (8) 

-1^Q<1 

With 
(9) 

z - r COB0 (10) 

p - r Bln0 

the equation for the vector potential of an axially symmetric magnetic 

field is 

P2 2ir z2(p') 

f f - j(P‘-*')e'COB0'özWäc' 
J J J -1/pÿ-app'ooa0'+p'2+(z-z' )2 
^ 5 zi(p')V 

where p, 0, and z are cylindrical ooordlnatea and j ia current deneity. 

MKS units are used. 

It is convenient to scale coordinates p and z in terms of 

C meters (13) 

so p and z are dimensionless; Cp and Cz are substituted for p and z, 

and by this means Equation (8) can be made independent of mv. it 

becomes 

Q . Ê - U(p,z) (14) 
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with 
p2 2ir Z2(p’) 

U(p,z) JÍp'iZ1) p'coagf'dz'dff'dp1_ 

J -^pS^pp'cos^'+p^+iz-z'P (15) 

where now p,z, and ß replace p/C, z/C, and (b/C)cosH, with ß arbi¬ 

trary (-o«<ß<00); j8 Is arbitrary reference current density. 

If JÍpSz') Is independent of p' and z‘, and if Js is set equal to J, 

Equations (14) and (15) are Independent of J in addition to being 

independent of mv. 

It can be shown that U(p,z) is finite for all p and z, is zero 

for p - 0, and 

lim pU(p,z) = lim U(p,z) = 0 
p ->oo Z -*■ oc (16) 

Consequently, the function 

F(p,z,Q) ■ P [q + U(p,z)] (17) 

plotted against p has the characterisitcs of the curves in Figure 

1; F(p,z,Q) is zero at p = 0 and is asymptotic to pQ for large 

values of p. Since Equation (l4) is satisfied for arbitrary ß by 

ß ■ F(p,z,Q), (18) 

it can be seen from Figure 1 that for any ß there are points in the 

unhatched area for which Equation (14) is satisfied. Hatched areas 

represent regions in which |Q |> 1. 

According to a modification of Liouville's theorem (Ref. 7) 

the density of non-interacting charged-partieles along a trajectory 

in a magnetic field is constant in time. If it is assumed that the 

particle density Is isotropic and constant over the surface of an 

infinite sphere which contains no particle sources and which is 
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centered about the magnetic field source, the particle density Is 

Isotropic and constant and equal to that at Infinity at all points 

In the completely unshielded regions of the magnetic field* (So 

long as the incident charged-particle Intensity Is low, interactions 

between particles can be ignored.) 

With regard to Plgure 1, all zones of the figure represent 

completely-unshlelded regions of space except the hatched area and 

possibly Zones A and B which may be at least partially shielded. As 

an explanatory example, consider the field of a circular loop of con¬ 

ducting wire in the z ■ 0 plane. In such a field, the magnetic 

induction vector, ?(p,z) at z » 0, is everywhere normal to the z ■ 0 

plane, and a particle moving in that plane can never leave it. A 

trajectory is represented in the figure by a straight line F • ß, 

z - 0, and a particle from infinity will move along this line with 

decreasing p toward one of the curves Q - +1, touch, and return to 

infinity. No particle can penetrate the region 0<p<pc. 

In general, however, particle trajectories corresponding to 

Figure 1 are confined to a p-z plane F ■ ß (as can be seen by 

visualizing a z-axis normal to the F and p-axes in the figure). For 

large z the curves for Q * +1 approach their asymptotic values, 

F ■ +p, and so there may be a path around the "potential barrier" 

into Zone A for particles for which ß< ßc. Apparently there is no 

path into Zone B which is, at least in part, a zone of bound orbits» 

The regions of space corresponding to Zones A and B are partially 

shielded; particles can reach points In regions of space corresponding 

to Zones A and B from certain directions (along certain trajectories). 

The region of space p'c<P <PC is of special interest; it is 

completely shielded, according to Figure 1, at least for some range 



PIQURE 1 

Plots of F(p,z,q) Vb p for z Constant and Q > +l 
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of z. Physically, this region is toroidal in shape and, for a single 

current loop, is approximately of circular cross section. Upon closer 

inspection, however, it is observed that the existence of this com¬ 

pletely-shielded region depends upon the relative positions of the 

maximum and minimum values of the curves F(p,z,-1) and F(p,z,+]j. If 

the maximum of F(p,z,-l) is below the minimum of F(p,z,+1) this com¬ 

pletely-shielded region does not in fact exist. Furthermore, if U(p,z) 

is everywhere less than one, the curve for F(p,z,-l) lies below the p- 

axis, F(p,z,+l) lies above, and there is no Zone A, probably no Zone 

B, and no shielding whatsoever. 

Levy's analysis of magnetic shielding is based upon a mathematical 

model involving an infinite current density flowing through a conductor 

of zero cross-sectional area. His analysis differs in no significant 

way from the preceding one except his expression for the magnetic vector 

potential is infinite at the conductor so the functions F(p,z,-l) and 

F(p,z,+1) become infinite rather than bounded at a point in P'C<P<PC‘ 

If these functions were indeed infinite at the wire, the existence of 

the completely shielded region p'c<p<pc would be insured. Unfortun¬ 

ately, in reality the magnetic vector potential is everywhere finite 

and Levy's results may be erroneous. 

A more recent investigation of the magnetic shielding provided by 

a conducting cylinder has been undertaken by Tooper (Ref. 8). Tooper's 

analysis suffers from the same malady as Levy's: an infinite magnetic 

potential at the conductor. 
The preceding analysis has been quite general. It would appear 

that practical application of active shielding, at least for config¬ 

urations under investigation, hinges upon the overlapping of maxima 

and minima of F(p,z,-l) and F(p,z,+l) as in Figure 1. If this 
9 



overlapping does not exist for some practical configuration of sole¬ 

noids, the utilization of magnetic fields as a shield against charged 

particles will have suffered a serious setback. The problem requires 

further study. 

2.2 Application to Continued Study 

The analysis of the previous section based upon Equations (14) 

and (15) leads to the conclusion that the feasibility of magnetic 

shielding has not been adequately examined. The following discussion 

is pertinent, to the problem. 

In terms of scaled coordinates p and z, shielding is independent 

of incident particle energy and the existence of completely shielded 

regions depends only upon the current density ¿(p^z* ), as is ap¬ 

parent from Equation (15). This is, the existence of completely 

Shielded regions depends only upon the relative positions of con¬ 

ducting circuit elements and direction and magnitude of the respective 

currents. For shielding against incident charged particles of given 

energy, the effectiveness of a given physical configurati-on is a 

function of the scale factor C, Equation (13)# and hence depends upon 

the size of the configuration. Practical considerations will fix the 

necessary shielding energies and the configuration size, and hence 

will fix C in terms of the current density factor J8. Shielding will 

depend upon the relative magnitudes of currents in the various cir¬ 

cuit elements (obviously). 

Taking all aspects of the preceding discussion into considera¬ 

tion, it is reasonable to believe that a configuration can be found 

which will shield a given volume against charged particles of ener¬ 

gies less than a given cut-off energy, provided high enough currents 

10 



are obtainable. But the requirements of superconductivity place an 

upper limit upon the current density in any given circuit. Indeed« 

it is doubtful if present superconductor technology is adequate and 

reasonable extrapolations based upon possible expectations of future 

progress may be necessary. Although some insight has been gained 

with regard to the interrelation of the various parameters of the 

problem, analysis is far from complete. Any conclusion as to the 

utility of magnetic shielding based upon proposed configurations 

requires further study. 

The Appendix contains a series evaluation of the integral for 

the magnetic vector potential t for a rectangular cross-section sole¬ 

noid. The resultant equations can be used to study the magnetic 

shielding of a single solenoid, or since magnetic fields are addi¬ 

tive, they may be used to study the shielding resulting from any 

number of solenoids centered about a common axis. Thus, for N such 

solenoids, 

N 

(18) 

where Jn is the current density in the nth solenoid and the nth 

term of the series represents the magnetic vector potential of that 

solenoid. It is noted that the Un(p,z) are non-negative and the 

contribution of the nth solenoid to U(p,z) depends upon its size 

and location and upon the magnitude and sign of Jn. An axially 

symmetric field can be adequately approximated by utilizing a suffi¬ 

ciently large number of solenoids possessing appropriate cross- 

sectional area and current density. 

11 



The Appendix also contains equations for the magnetic field Í. 

It will be necessary to utilize these equations to determine the up¬ 

per bound for possible values of current density J. 

12 



3. EXPERIMENTAL INVESTIGATION 

The objective of the experimental investigation was to establish 

the capability of winding superconducting solenoids and of making 

Junctions between the superconducting wire and current carrying leads. 

These problems present formidable obstacles to the design and construe- 

tion of superconducting active radiation shields. An account of the 

experimental investigation follows. 

3.1 Junction Development 

Twenty different Junctions between niobium-zirconium super¬ 

conductors and normal conductors were assembled and tested at liquid 

helium temperatures to determine Junction resistance and maximum 

current capacity. The wire, Supercon B-33 obtained from Supercon of 

Houston, was 67^ niobium and 335^ zirconium by atomic ratio, and was 

•010 Inches in diameter. Its characteristics is short samples are 

guaranteed to be within 10^ of the values shown in Figure 2. Because 

the wire will not wet with low temperature solder and because brazing 

results in temperatures high enough to anneal the wire, ultrasonic 

soldering, plating, crimping, clamping, and spot welding were at¬ 

tempted using various surface cleansers. Most of these Junctions 

have been described in the literature, but no reference to spot 

welding copper foil vO superconducting wire was found. The junction 

preparation and results are shown in Table I. The most promising of 

these Junctions were built and tested repeatedly to determine reli¬ 

ability. Spot welding produced consistently superior results in 

reliability, simplicity, and high current capacity. 

13 



FIGURE 2 - CRITICAL CURRENT OF Nb-33% Zr AS A FUNCTION 

OF TRANSVERSE MAGNETIC FIELD 
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Since copper has a higher heat and electrical conductivity than 

Nb-Zr, satisfactory welds with little wire deformation were obtained 

only after many trials. A Hughes spot welder was used. While weld¬ 

ing superconducting wires to copper foil, the welding electrodes 

pressed the wire and foil together with a force of 3 pounds,and 35 

to 43 watt-seconds of energy were used. A copper electrode 2 mm wide 

pressed the wire to a 0.005 inch thick copper foil held in place by 

a domed steel electrode with a 1.5 mm radius. Wires were Joined by 

the use of flat copper electrodes 2 mm wide, with 3 pounds of force, 

and 5 to 6 watt-seconds of energy. The high temperature transient 

caused by spot welding did not seriously deteriorate the wire's 

ability to carry high currents In a magnetic field. Critical currents 

In excess of 70.0 anperes were measured with the Junctions In a 10.0 

icilogauss field and with H perpendicular to the wire. The copper 

foil to which the Nb-Zr wires were spot welded was easily soft 

soldered to copper current leads. An assembly of twelve Junctions 

is shown at the left in Figure 3. 

3.2 Solenoid Winding and Testing 

Three superconducting solenoids were wound and four were tested. 

These solenoids are shown in Figure 3. The fourth solenoid (at the 

center of the figure) was obtained from Dr. B. C. Deaton of General 

Dynamics/Fort Worth and was constructed of niobium 25^ zirconium 

wire manufactured by Wah Chang Corporation. The solenoid was wound 

in OD/FW motor winding shop under the direction of Dr. Deaton. 

Each turn was insulated from adjacent turns by a .010 inch diameter 

nylon thread and each layer was insulated witn .0015 inch copper 

foil. The iinlshed solenoid contained 4000 feet of .010 inch diametep 
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wire in 7600 turns and had an inside diameter of 1.125 inches. This 

solenoid did not perform well with Its crimped copper current leads. 

After spot welded leads were attached the performance improved many- 

fold. The maximum operating point for this solenoid is shown in 

Figure along with typical results found in the literature for this 

alloy wire (Refs.9, 10, and 11). The cooper foil between layers was 

a good insulator because: 1) in comparison to the zero resistance of 

superconducting wire it had a high resistance; 2) it helped carry 

heat out of the soljnoid on cool down; and 3) when the aolenoid 

reached its maximum operating point and the superconductor returned 

to normal resistance, the copper slowed the field collapse and 

reduced heatin : and arcing of the windings by carrying most of th î 

induced current. However, it was also a poor insulator because iv 

slowed field buildup by shorting the windings when self-inductanc< 

produced more than 25 millivolts across the solenoid. 

The other three solenoids were wound using Supercon B-33 Nb-Zr. 

Two of these had insulation between layers and no insulation between 

turns. The other had no insulation at all and was built to see ho’- 

effective surface oxides and drawing lubricant were as insulation. 

Since this solenoid produced no magnetic field poor insulation was 

indicated. Tht other two solenoids departed from solenoidal current 

flow onlj when the current was increased too rapidly. Differences 

in construction may explain the absence of complete insulation 

breakdown in these two solenoids as opoosed to the one with no 

insulation. The operating sole.iojds i) were insulated layer from 

layer by .0015 inch thick copper foil, 2) had only minor pressure 

between adjacent turns, and 3) had each layer saturated with a 
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FIGURE 4 - CRITICAL CURRENT OF Nb-25% Zr AS A FUNCTION 

OF TRANSVERSE MAGNETIC FIELD 
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sprayed-on iMulator, »’Krylon.*' The npn-operating eolenoid had 

1) intieate contact between layere due to a wire teneion oí 2 

pound« applied during winding, 2) no layer Ineulation, and 3) 

no eprayed-on insulator. 

The firet of the two operating eolenoid« contained 500 feet 

of .010-inch dianeter, 33% Zr wire in 1650 turn« and had an inside 

diaeeter of .868 inches. It« «aziniui operating point is the lower 

of the two point« in Figure 2. The second solenoid contained 480 

feet of .01-inch dianeter, 33% Zr wire in 3550 turns and had an 

inside dianeter of 0.26 inches. Its naxinun superconducting point 

is the higher of the two points. lone of the solenoids suffered 

deterioration upon exceeding the critical current. 

3.3 Critical Current Depression in Solenoids 

The depression of current-carrying capacity of superconducting 

wire when in solenoidal forn was attributed to noiwiniforn wire by 

early workers. However, a 100ft-foot length of wire, wound induc¬ 

tively carried only a fraction of the short sanple current, but when 

the wire was wound non-inductively its behavior was very close to 

that of a short sasple. Although a slight separation of the super¬ 

conducting wires is reported to iwprove perforuance (Refs. 9 and 12), 

results pertaining to the solenoid tested shown in Figure 4 do not 

substantiate this claiu. The turns of this solenoid were separated 

by .01 inches and the layers, by .0015 inches. J. K. Hulw (Ref. 9) 

tentatively suggests a "flux-jusp" nodel to explain current depres¬ 

sion. Cryophysicists agree superconduction in Nb-Zr is isolated in 

■any filaments throughout the alloy (these appear to be along strain 

or defect lines). Magnetic flux, according to the flux-jump model, 
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does not penetrate the wire smoothly but must proceed stepwise from 

filament (or group of filaments) to filament. Each time It crosses 

a filament, superconductivity is destroyed temporarily and some local 

heating Is produced. This model is In agreement with the observa¬ 

tion that a solenoid seldom goes normal in the region of highest 

field but It does not explain some of the characteristics of short 

samples. 

One group reported achievement of Identical solenoid and short 

sample behavior. J. 0. Betterton and G. D. Kneip, (Ref. 11) report a 

solenoid and short sample current limit of 40 amperes at 22 kilogauss 

in 10-mll wire that they fabricated. Two contributing Influences to 

this encouraging result were named: inconel cladding of the wire and 

special heat-treat and drawing procedures. (G. D. Kneip has since 

Joined Supercon and was Instrumental in the production of che wire 

used in this research report.) Subsequent literature (Refs. 9 and 

13) Indicate that these favorable results have not been reproducible. 

D# B* Montgomery (Ref. 12) argues convincingly that the depression 

problem In solenoids Is due to induced persistent currents in the 

superconductor that oppose field build-up. These are the same 

currents that produce apparent diamagnetism In superconducting magnets. 

The sum of Induced currents and applied currents equals the critical 

current of a straight sample. The induced current Is estimated 

from a measurement of the residual field after the applied current 
\ 

is reduced to zero. These persistent currents are locally destroyed 

when a section of the coil goes normal. This mechanism is compatible 

with the phenomena that gave rise to the flux-jump model. When 

viewed in the light of the results reported in Reference I3, the 
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does not penetrate the wire smoothly but must proceed stepwise from 

filament (or group of filaments) to filament. Each time It crosses 

a filament, superconductivity is destroyed temporarily and some local 

heating is produced. This model is in agreement with the observa¬ 

tion that a solenoid seldom goes normal in the region of highest 

field but it does not ejqplain some of the characteristics of short 

samples. 

One group reported achievement of identical solenoid and short 

sample behavior. J. 0. Betterton and 0. D. Kneip (Ref. 11) report a 

solenoid and short sample current limit of 40 amperes at 22 kilogauss 

in 10-mil wire that they fabricated. Two contributing influences to 

this encouraging result were named: inconel cladding of the wire and 
\ 

special heat-treat and drawing procedures. (G. D. Kneip has since 

Joined Supercon and was Instrumental in the production of che wire 

used in this research report.) Subsequent literature (Refs. 9 and 
\ 

13) indicate that these favorable results have not been reproducible. 

D* B. Montgomery (Ref. I2) argues convincingly that the depression 

problem in solenoids is due to induced persistent currents in the 

superconductor that oppose field build-up. These are the same 

currents that produce apparent diamagnetism in superconducting magnets. 

The sum of induced currents and applied currents equals the critical 

current of a straight sample. The induced current is estimated 

from a measurement of the residual field after the applied current 

is reduced to zero. These persistent currents are locally destroyed 

when a section of the coil goes normal. This mechanism is compatible 

with the phenomena that gave rise to the flux-jump model. When 

viewed in the light of the results reported in Reference 13, the 
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Induced current mechanism lo also compatible with the first appearance 

of normal resistance In low-field oortlons of a solenoid* 

In the present study« the field strength per ampere was calcu¬ 

lated for each solenoid accoriing to the Pabry formulation (Ref. 14). 

The magnetic fields of the solenoids were from 8356 to 500 of the pre¬ 

dicted values. Field measurements were made in two Independent ways 

one with a Orassot-type fluxmeter (Ref. 15), and the other using the 

magneto-resistance of copper (Ref. 16). The fluxmeter was checked 

against an accurately calibrated magnet normally used in nuclear 

magnetic resonance equipment. An attempt to build a magnejo-resis¬ 

tance probe made of Indium based on the work of P. Gotti (Ref. 17) 

produced negative results. 

3»^ Preslstent Current Electromagnets 

Two of the solenoids were operated in the closed loop or persis¬ 

tent current mode. This mode was easily accomplished by providing a 

superconducting current path outside the solenoid that could be 

switched off or on. A short piece of Nb-Zr wire was wound around a 

carbon resistor and thermally insulated so that the wire could be 

heated and made non-euperconducting while in a liquid helium bath. 

The ends of this superconducting switch were spot welded to the 

current leads of the solenoid. Startup was accoipiished by heating 

the switch so that current passed through the solenoid. When the 

desired field was reached, the heated section was allowed to cool 

and the power supply was turned off leaving a persistent current 

flowing through the solenoid and the superconducting switch. 

Existence of this current was indicated by a steady magnetic field. 
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To make the switch, approximately fifteen turns of v/ire were 

wrapped around a 0.1-watt, 22,000-ohm carbon resistor and tht two 

were thermally insulated from helium by wrapping with four layers of 

masking tape. Fifty-seven volts across the resistor would switch 

off the circuit witnin one second. Switch-on time was less than 

five seconds. Power dissipated by the resistor was only 32 milliwatts 

(its resistance Increased to 100,000 ohms when operated near liquid 

helium temperature). 

3.5 Cryogenic System 

The solenoids were tested in liquid helium in a 3-liter capacity 

strip-sllvered-glass dewar. This dewar was nested in a liquid nitro¬ 

gen dewar. The combination is shown in Figure 5. Current carrying 

leads were two 10- or 12-gauge Formvar insulated copper wires which 

were thermally insulated with styrofoam from below the top of the 

helium dewar to 2 Inches below the top of the second dewar. In the 

second dewar the wires were immersed in a liquid nitrogen bath and 

then were connected to a current source. The liquid nitrogen pro¬ 

vided a temperature buffer between liquid helium and ambient temp¬ 

erature. Four to five inches below the top of the helium dewar the 

copper wires terminated and the current was carried to the super¬ 

conductor by two .005 inch thick copper foils. The large surface 

areas of the foils were used to take advantage of helium vapor 

cooling. This system resulted in liquid helium consumption of from 

100 cc to 200 cc per hour depending on the current in the copper leads. 

3,6 Instrumentation and Equipment 

Development equipment and instrumentation are shown in Figure 5. 

From left to right are a Drussen and Barnes Corporation constant- 
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current supply, a Hewlett-Packard microvolt meter, a Moseley X-Y re¬ 

corder, a liquid nitrogen dewar, a liquid helium dewar, a 150-ampere 

capacity transistorized current controller and ammeters in the tall 

rack, and batteries, charger, and protective relay in the short rack. 

The constant current supply held the current through the mag¬ 

neto-resistance probe steady, while the voltage across the probe was 

indicated on the microvoltmeter and on the Y-axis of the Moseley 

recorder. The X-axis indicated current through the solenoid. The 

microvoltmeter was also used to measure Junction resistance. Voltage 

across the Junction was displayed on the meter and plotted on the 

recorder Y-axis while the current through the Junction was plotted on 

the X-axis. 

I 
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4. CONCLUSIONS AND RECOMMENDATIONS 

4.1 Theoretical Study 

Critical examination of available literature leads to the 

conclusion that the feasibility of magnetic shielding has not been 

adequately established. Systematic studies should be undertaken 

to determine optimum shielding geometries for the protection of 

space vehicles of given size and shape. An optimum shielding geometry 

should provide a given volume with a predetermined amount of pro¬ 

tection by use of a minimum of superconducting circuitry. Practi¬ 

cal considerations of present superconductor technology (and future 

expectations If necessary) should be considered. Weight studies 

of promising optimum shielding geometries should be made for com¬ 

parison with equivalent passive shielding. The study should proceed 

along the following lines: 

1. Consideration should be given to the determination of 

likely space-vehicle shielding requirements. It appears that 

shielding for spheres, cylinders, and toroids of various sizes 

should be studied. Indeed, requirements of active shielding may 

determine space vehicle shapes. 

2. The shielding provided by various configurations cf super¬ 

conducting rings should be determined for given space vehicle 

shapes and sizes. The equations derived in section 2.1 and in the 

Appendix should be used. Because of the complexity of the expres¬ 

sions for the magnetic vector potential, an IBM 7090 code will be 

necessary. Optimum shielding geometries should be sought in pre¬ 

liminary investigations without regard to weight and superconductivity 

requirements. 



3. Upon conclusion of preUmnsry Investlgstlons, prsotlosl 

considerations of the rsqulrsMnts of superconductivity should be 

applied to prellainary optimum shielding geometries. Revisions In 

shielding configurations will probably be necessary to Insure 

feasibility. 

4. The weights of optimum configurations should be counted 

upon completion of step 3 by taking into account the weights of 

necessary structural support and of superconducting elements. 

Preliminary calculations need not Include the weight of cryogenic 

equipment, etc. 

5. Upon completion of step 4, it will undoubtedly be neces¬ 

sary to iterate steps 2, 3, and 4 to improve any given configuration. 

Improvements and modifications of the optimization method involving 

more detail in superconductor requirements and weight calculations 

should be made. Ultimately a digital computer code may be devised 

using the methods or linear programming to handle the whole problem. 

4.2 Experimental Investigation« 

Spot welded connections between leads and superconducting wire 

were quite satisfactory because they could be made with ease and 

because critioal currents higher than 70 amperes are unlikely in 

solenoids of the wire size utilized. However, since spot welds 

produced a high current Interface between superconductor and copper 

in a small area, a well-bonded coat of electroplated copper should 

produce a superior Junction, it is thoughta well-bonded plate was 

not produced during this development program. Procedures for electro¬ 

plating were those recommended in References 18 and 19 and also in a 

private communication with H. F. Scott of RCA. All electrodeposits 
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that were made flaked off to some extent at points where the Nb-Zr 

wire was pushed beyond Its elastic limit. 

The apparent reduction in critical current of superconducting 

wire wound in solenoids is possibly due to Induced currents that 

oppose field change. This uncertainty in performance character¬ 

istics requires extreme conservatism in the design of a magnet to 

produce a given field. 

It may be possible to obtain short-sample critical-currents in 

superconducting magnets by one or both of the following approaches: 

1. Wind the wire in a toroid in a force-free geometry as 

in Reference I3. 

2. Wind the wire in the form of an assembly of parallel 

loops so that the field is built up in a series of 

Induced current increases (Ref. 20). 

Protection of small solenoids from heating due to field collapse 

was accomplished. However, larger systems will require more complex 

devices, such as several tentatively suggested in Reference 2I. The 

adequacy of these devices has not been tested. 

It might be added that, to date, only comparatively small 

superconducting coils have been investigated whereas active shield¬ 

ing configurations will probably require windings of some tens of feet 

in radius. Such large solenoids must be investigated if active 

shielding is to be utilized. 

I 
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APPENDIX 

THE MAONETIC VECTOR POTENTIAL AND 
FIELD OF A RECTANOULAR CROSS SECTION SOLENOID 

Equations for the magnetic vector potential t and the field £ 

are to be derived for a rectangular cross section solenoid as shown 

in Figure 6. Since A has rotational symmetry about the Z-axis, the 

field point r can be taken in the X-Z plane. Cylindrical coordin¬ 

ates are used, as shown in Figure 7. In the MKS system, the expres¬ 

sion for the magnetic vector potential is 

(1) 

and for the chosen geometry this reduces to 

Í. lyA 
(2) 

where 

A . UoJ Hi Vxï-2xpcos0+Cp°+ (z-z')2 âZ'm (3) 

It is assumed that j(p,z') is constant throughout the conductor. 

Integration over z' yields 
b 2ir 

pc os# sinh -1 k-z 

Vx2-2xpcos0+ p2 

» 

-sinh -1 h-z 

Vx2-2xpcos0+ p2 
d0dp (4) 
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PIQURE 6 RECTANGULAR CROSS SECTION SOLENOID 
a and b are inner and outer radii respectively; 

k-h is the length 



PIQURE 7 SYSTEM OP COORDINATES 

Z 

I 
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Set 

0(x,u) 

a o 

SO 

k(XfZ) ■ [0(x,k-z) - 0(x,h-z)] 

Since 

0(x,u) - - Q(x,-u) 

u can be considered non-negative. Let 

2v 

l(x,Piu) • I COB0 slnh -1 u 

Vx^-2xpcos^+ p2 
60 

so 

Q(x,u) - / p I(x,p;u)dp 

a 

The Maclaurln's series expansion for slnh“1 z Is 
00 

slnh "1 z ■ E (-)n £ 
n«0 

.2n+l 
rtviW Iïï+t < 

With 

u 
z — . 

Vx^-2xpcosjZ(+ p2 

Equation (8) becomes 
00 

^ -^--<1, x^ p, 
X - Pi 

2TT 

I(x,p;u) = l (-)" / -- 
(x2-2xpcos0 -Tp^ )n+A/¿ 

(5) 

(6) 

(7) 

(8) 

(9) 

(10) 

(11) 

ä0 (12) 
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for u <C |x-p I ^ 0. The interchange of summation and integration 

is Justified at least for u<|x-p| ¿0 since the series is uni¬ 

formly convergent on this range. Now 

x2-2xpcos0 +p2 ■ x2(i - £ e1^) (l - £ e-i^) (13) 

and so by the binominal series 

_1 
(x2-2xpcos£ + p2)n+V2 

•ab L SffiHf s"■“* |os?®®is"»» 
The two series are absolutely convergent for p<x, and it is known 

that the series representing the product of two absolutely conver¬ 

gent series is absolutely convergent anc can be summed in any order. 

Furthermore, 

2TT 

■ 

cos# d0 ■ 0 (15) 

for I k I equal to 0 or any integer except 1, so for p < x, 

2ir 
COS0 / (x2-2xpcosjZ(+ p2)nf 1/2 

Ò0 

0« 

^(n+l/af 

21__ 
|2 ”2nfi 

^ r(n+iTH 1/2) r(w-nH-,3/g) /¿j2™'1. 
m-0 mi(mH)i 

(16) 

» 

This expression becomes valid for p >x if p and x are interchanged. 
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The combination of Equations (12) and (16) yields 

■* L ät ir* r in 2mfl 

ra=0 

£>c p_i i oo 2n+l 

^Z^mTT lê) ï (-)" :LTrWTy7l) (¾ 
m«o n*=0 

f. ^îlr3/2) If)2"1 ^ 
m«0 I J 

at least for u ¿|x - f|, p<x, where P Is tho hypergeometrlc func¬ 

tion. The Interchange of summations Is Justified since Equation 

(16) is uniformly convergent for p<x and Equation (12) is uni¬ 

formly convergent for u< |x-p|/ 0. The latter is true because 

2ir 

/ Tí / 2,n+V2 a0 - |x-pl2n+1 ’ * ^ P 
0 (x¿-2xpcos0+ p¿) r 

(18) 

Equation (1?) is valid for p>x, u< |p-x| , when p and x are inter¬ 

changed. 

The hypergeometrlc function can be expressed as an integral 

as follows 

loo 

p<a'b!C;-i) = 5ÎT rÄr / r(a+r8|clo)s)r('B) zSas (19) 
oo 

where | arg z|< ir and 

max[R(-a), R(-b)}<R(s)< 0 (20) 

I 
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(Ref. 22i page 62). By making use of the asymptotic expansion for 

gamma functions 

lnr(a+z) - (a+z-l/2)lnz - z+In Ær+o(l/z) (21) 

for Jarg z|<t (Ref. 22* page 48) and the expression 

^^-sïSrz 

(Ref. 22* page 3) it can be shown that as |t|approaches Infinity 

. o/e-'M 8a+l>-o-ll (23) 

(22) 

where s - 3+lté Then* since the Integrand is finite, there is a 

constant A such that 
a+b-c-l 

-£¿a@r)r('3) < * e-ltl(ß2 t t2) “5- (2l() 

for all t, and hence 

i»- 

1 
2wl 

r(a+s -s) z8 ds 

-10« 

<ß 2ir 
-00 

ß p-^ltl 
a+b-c-1 

(?5) 

zr e (ß2+t2) dt < 
/ a-t-b-c-l 

<A< e~wt (ß2+t2) 2 dt 

for z real and posluive. The parameter ß can be any number 

near zero satisfying Equation (20), so Equation (25) is valid in 

the limit as ß approaches zero since the integral on the right 

is uniformly convergent. But 

/ e-*‘ dt = Ei|£fl (26) 
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to, according to liquations (19), (35), an(j (26)# 

Parameters a, b, and c, and also z are assumed real and positive. 

The scries for l(x,p;u) has been shown to converge for 

u<|x-p(, p< X. Utilization of Equations (27) and (17) yield the 

results 

so Equation (17) converges over the extended range p< (ir/2)x, u< x. 

A transformation of the hypergeometrlc function (Ref. 22, page 6k) 

yields 

where the hypergeometrlc function on the right is a polynomial 

defined for all x and u. Since u and x are real, z is real in 

Aquations (25) *;-nc (27)# it follows that these relations are valid 

for all z provided P is defined for z >1 in Equation (27). 

But the hypergeometrlc function in Equation (17) is defined for all 

u and x by Equation (29) and hence, according to Equation (28) and 

the foregoing discussion. Equation (17) converges for all 

u and x for p <(v/2)x. Consequently 
00 . 

pH-1/2 Í 
Ä in i i rrw- i I • »j '3 ^ 

m=0 X2fU2 

vaxucs 01 

m+l/2,-m;3/2;^~- (30 

for p< (tt/2)x by analytic continuation. An expression valid for 

x<(tt/2)p can be obtained by interchanging p and x in the right 

hand member of this equation. 
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An expression for 0(x,u) can be obtained upon substitution of 

Equation (30) into Equation (9); interchange of summation and inte¬ 

gration is permissible since evidently Equation (30) is unlfomly 

convergent on a < p jsÇ b provided x >(2/ir)b. Hence, 

0(x,u) = 
oc 

,uT F(mf 1/2 ) r ( m+3/2 ) b2ra+3. a2mf3 n/_ _ „2 ] . . 
2 x ¿0 mhnH-i):(2m+§; u P( 1/2,"m;3//2î ^¡5) (31) 

for x> (2/ir)b. An expression valid for x< (ir/2)a can be derived 

by Interchanging p and x in the right side of Equation (30); 

G(x,u) ■ 

2 rar“372’ u2|u) »^1/2,-">¡3/2;^^^,(32 

The substitution p = u tan)Zi leads to 

O(x.u) - 2u2 Y. I *| vm(u;a,b) <33) 
m=0 m!(nn-l) 1 ' ul m'u*a»w^ 

I 

where 

with 

Hence, 

vm(u>a>b) = £(-)" d ïn+n (u;a,b) 
11=0 

ïn“/ 
û(a) 

Yo = in 

0(b) 
2n-l_ cos Qd9 

(34) 

(35) 

b + Vb2+u2 

a + Va2+u2 
(36) 
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and Yi, Ygj can be obtained in succession from 

2 .n , o i a »21 

Thus, for x<(tr/2)a, 0(x,u) Is defined by Equations (33), (34), 

(36), and (37). 

If (2/f)b <(t/2)«, 0(x,u) Is defined for the entire range of 

X and u. If not, an expression is needed in the gap (ff/2)a <x < 

(2/Tr)b. Accordingly, Equation (9) can be written 

0(x,u) - / p I(x,p;u)dp / p I(x,pju)df (38) 

The first integral can be evaluated in the same manner as Equation 

(31) and the second in the same manner of Equation (33). Hence, 

0 u V' r(nH-l/2)r(af3/2) x2nH~3-a2mf3 

x ¿0 (x2+u2)irT72 
pjm+l/2,-mj3/2;-JiL 0(x,u) » 2 H 

(39) 

The first summacion is obtained by substiouting x for b in Equation 

(31) and the second by substituting x for a in Equations (33), (34 ), 

(36), and (37). Equation (39) is valid for (2Á)a< x < (ir/2)b. It 

is seen there is an overlap in the regions of validity of the ohree 

expressions for G(x,u). 

The derivation for the magnetic vector potential is complete, 

and is given by Equations (2), (6), (31), (33), and (39), along with 



Equations (3*0# (36)# and (37)* To obtain t at points other than in 

the X-Z plane, it is only necessary to replace x with p »Vx^+y^, 

and replace ly with (-lxy + lyx)/p, where lx and ly are unit vectors. 

Thus 

tf(x#y,z) = ¿ A( Vx?+y2,z) = A(p,z) (40) 

The magnetic field Is obtained from the vector potential from the 

relations 

ti-Vxt (41) 

In the example of interest 

(4&) 

(43) 

(44) 

where Bp and Bz are directed along p and z, respectively. is 

the component in the X-Y plane normal to p (i.e., Bjÿ is directed 

along 1^). Using the previous notation for consistency, p is re¬ 

placed by x in the Equation for É in the following analysis; x 

can be replaced by p in the final equations. Thus, according to 

Equations (6), (7) and Equations (4?ï through (44) 

where 

Gz(x#z-$) = — z 7 B u 
(46) 

u - z- 

40 



with £ ■ k or h. Also* 
■C 

and 

Bz e!Rr 

W 

1 d 
X Jx 

By - 0 

jxo(x#z- h) -é ï|t {*o(x,í-k)} 

whan 

Ox(x,z-h) - Ox(x,z-k)j 

°x(x'z“5) ^ X ^ |xO(x,u)| 
U - Z-jJ 

The analysis will be complete when expressions for 

and 

a-^ - Ou(x,u) 

èst I*0**«“)!* °x(*#u) 

have been derived. 

From Equatlor ( 'jl ), one obtains 

(»T) 

(48) 

(49) 

(50) 

(54 

0u(x,u) ’ F jmt3/2'-mil/2i¡é}(5s) 

and 

Ox(x,u) - -4«f P<-3/2i-r,04i^l (53) 
(x‘+u2) 

for X X2/v)b. As can be shown from Equations (32) and (33), 

00 2m+l 

°u(^> - Æ^MnY*1 
m=0 

■(2m-l)uVm(u,r.,b) 

+ a UÄ 

2 2 

m 

F^H-l/2,-m;3/2; 
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for x<(i/2)a. Examination of Equations (38) and (39) shows that 

the expression for Ou(x,y) valid on (2/ir)a<x <(1/2)b can be ob¬ 

tained by substituting x for b in Equation (52), x for a in Equation 

(54) , and adding the two resultant expressions. An expression can 

be obtained in a similar manner for Ox(x,y) from Equations (53) P.nd 

(55) , as examination of Equation (38) shows. Derivatives with 

respect to the limits of integration in Equation (38) cancel 

( 
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