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I INTRODUCTION 

The material herein deals with an experimental investigation 

of the superconducting state in an isolated simply connected body, and 

a theorioal treatment of eddy currents in a normal oonduotor where the 

conductivity becomes large. It is well known that the distinction 

between perfeot and super conduction lies in the fact that, although 

each is characterized by a zero resistance, the superconductor has the 

further property of having zero magnetic induction, that is, ^isQ 

throughout the body even when the superconducting state is reached in 

the presence of a magnetic field. Phenomenologically, this may be 

thought of as the result of surface currents such as to just balance 

the flux through the body. This phenomenological mechanism has been 

oritioized euad the viewpoint taken that a magnetization appears through¬ 

out the body that is just sufficient to balance out the flux. Since no 

experimental technique has been devised to distinguish these view¬ 

points, the more usual surfaoe current conception will be used when 

such a physical idea is convenient, and these currents will be referred 

to as the Meissner currents. 

The original question was this: if one places a superconducting 

sphere in a magnetio field and then rotates this sphere through a small 

angle, do the Meissner ourrents follow the lattice or remain fixed in 

space. Then, should they, as one might expect, remain fixed in space, 

is there some weak but observable coupling with the lattice? The 

apparent way to investigate such a coupling is by suspending the sphere 
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by a torsion fiber and seeking a ohange in the period of oscillation 

when a horizontal magnetio field is applied. Suoh a torsion pendulum 

has been constructed, and measurements have been made of the effects 

of a horizontal magnetio field on the period and also on eddy current 

1.2 
damping. Similar work has been briefly reported by other workers. 

II APPARATUS 

The experimental apparatus is shown in figures 1, 2, and 3. 

Essentially it consists of a sphere hung by a torsion fiber in a 

horizontal magnetio field, and the additional elements simply provide 

a means for removing disturbances due to vibrations of the support, 

oonveotion ourrents, and boiling liquid helium, and for obtaining low 

temperatures and observing oscillations. 

The suspension system consists of a sphere attached to the 

lower end of a pyrex tube. This pyrex tube is suspended by a fiber 

approximately sixty centimeters long and a four-sided mirror is attached 

to the upper end of the tube. The purpose of the pyrex tube is first to 

remove the fiber from the region of low temperatures, and seoond to 

obtain a more precise optical system than would be possible were it 

necessary to pass the light reflected from the mirror through the 

dewar flasks and liquified gases. 

The fiber is attached to the glass tube by soldering it in a 

small hole in a brass cylinder whose outside diameter fits the bore 

of the tube accurately. The cylinder is prevented from slipping out 

by heating the extreme upper end until the glass flows and decreases 
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FIGURE 3 
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the bore at that point. Various materials were used in an attempt to 

obtain the desired characteristics. A 2-mil music wire was found to 

interact with a magnetio field to suoh an extent that measurements of 

any sort were impossible. A 2-mil tungsten wire was found to have 

large variations in damping due presumably to excessive strain. A 3~®il 

tungsten fiber seems to be satisfactory in that the damping due to the 

working of the fiber varied only slightly and the period varied immeas¬ 

urably over a period of thirty days. 

As shown in figure 7- the upper end of the gear at the point 

of support for the torsion fiber is braced by a tripod. This is 

required, since it is necessary to touch the support frequently in 

order to increase the amplitude of osoillation. This is done by 

twisting the support momentarily and returning it to the original 

position accurately by means of a precision stop. The four-sided 

mirror is made by cementing galvanometer mirrors to a Luoite block 

which is then slipped over the pyrex tube. 

The sphere was cast from spectroscopically pure tin obtained 

from Johnson Mathey Ltd., London, England. It was melted and cooled 

slowly after the method of making a single crystal in a vacuum of 

_ M »> 

lO”-? mm and machined to a diameter of 1.0000 - O.OOOJ4. . This diame¬ 

ter was ohecked using micrometer gauges calibrated against Johanson 

Block standards. The sphere was suspended by a snap fit in a hemi¬ 

spherical Luoite holder shown in figure l±. Care was taken to assure 

the accurate alignment of the sphere with the axis of the pyrex tube. 

The bulb-shaped object shown in figure 1 is a 1-3/8-inch 

pyrex tube with one end sealed and enlarged so that the sphere is 
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protected from contact with the liquid helium, since aocurate measure¬ 

ments are impossible if the sphere is immersed in the boiling liquid. 

This pyrex tube extends to within 2 cm of the lower end of a Luoite 

tube which minimizes disturbances due to convection currents. The 2-om 

gap allows the sphere to come to temperature equilibrium more rapidly 

than complete isolation would permit. 

The magnetic fields were produced by a set of Helmholtz coils 

constructed so as to obtain the maximum practical uniformity of field. 

The problem with whioh one is confronted in designing such a set of 

coils is that there is a practical limit to the diameter and a minimum 

cross-section of copper neoessary to carry the currents to produoe the 

desired field strengths without overheating. After deciding on a 

maximum diameter, it is possible to adjust the cross-section and the 

ratio of the separation of the ooils to the radius so as to obtain 

maximum homogeneity. In dealing with negligibly small cross-sections, 

it is most oommon to take the ratio of separation to coil radius to be 

one. This gives a region of uniform field along the axis. However, 

to obtain a uniform field over a volume, H. Craig? has shown that this 

ratio should be somewhat less than one. Craig has done this by taking 

the tables of L. ComrieU giving field strengths at all points around 

a circular loop of current and simply adding these values for two 

loops of current with various ratios of separation to radius* In 

designing a set of ooils, one ohooses the ratio so as to give the 

desired uniformity. To make a finite oross-seotion of copper, one 

could wind a single layer of wire so as to form two trunoated right 

circular cones. The axes of the cones would be made to ooinoide to 
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form the axis of a set of Helmholtz coils suoh that the ratio of the 

radius of any individual winding in one coil (or cone) to the separa¬ 

tion from the corresponding winding in the second coil is the chosen 

ratio. In most cases, a single layer of wire is insufficient, and one 

must make a compromise suoh as is indicated in figure 5 which gives a 

oross-sectional view of the upper half of one coil and the limits 

placed on the ratio of separation to radius. Figure Q is a photograph 

of the Helmholtz coils used in this work. Lines of oonstant axial 

field are plotted approximately in figure 7 from data contained in 

certain graphs of H, Craig’s work. 

To obtain the field strength at the center of the ooils, one 

takes the expression whioh gives the field 
Y'0 > 

strength at a distanoe x along the axis of a ourrent loop X of 

radius t> , and integrates this over the actual cross-section of the 

coils. *-». Vx 

HE 
t. 

b*- AUx 

CD 

W -M x..sirih x - x, sinh 
XT, 

(la) 

The set of coils is oomposed of two ooils, and each of these is com¬ 

posed of a large and a small coil (figure 5). Hence eaoh coil has two 

values of xr X\. \>\ to put into equation 1, and the 

obtained must be doubled to obtain the field at the center of the set. 

N is the number of turns per cm2 whioh is 28.9 for the large coil and 
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28*0 for the small coil* Substituting the dimensions, which are given 

in figure 5» one finds 11.2 gauss per ampere* 

To obtain a check of homogeneity, one adds the field due to the 

left ooil at a spot say ■§• inoh from the center of the set to that due 

to the right coil at the same point* Sinoe these calculations are 

laborious, only two points have been considered, with the results that, 

first, the field of the larger coils ■§■ inch from the center of the set 

along the axis varies from the field of the larger coils at the center 

by 0*08 per cent; and second, the field of the small coils 3/^4- inoh 

from the oenter of the set along the axis varies from the field of the 

small ooils at the center by 0*3 per oent. The estimated field varia¬ 

tion is 0.1 per cent over the volume of the sphere when the sphere is 

oentered and both large and small coils" are used in series* 

The construction is of brass with a wood base. There are 156 

turns of ^li; double-vitrotex oopper wire on each of the large coils 

and 112 turns on each of the small ooils. The ooils are water cooled 

by means of copper tubing soldered to the ooil form. Although it 

seems difficult to measure inhomogeneities of such magnitude (0.1 per 

oent), the value of the field at the oenter has been measured by both 

flip ooil with flux meter and by placing a Magnetic Airborn Detector 

in a solenoid 80 cm long and J4. cm in diameter and aligning this sole¬ 

noid along the axis of the coils. Then one balances out the field of 

the Helmholtz ooils by the field of the solenoid which is accurately 

known as a funotion of current. Since the detector can see one gamma, 

the aoouracy of this method is limited by the aoouraoy with which the 

ammeters can be read. To assure that possible errors in the alignment 
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of the solenoid were not influencing observations, the solenoid was 

twice removed and then replaced as accurately as possible, When this 

was done, the results were unchanged. Figure 8 is a plot of measure¬ 

ments made in this manner, Notioe the agreement of the experimental 

11,1 gauss per ampere with the predicted 11.2 gauss per ampere. Al¬ 

though the flip coil was accurately calibrated in the solenoid, this 

method gave slightly higher values for with about a 5 P®r oent 

error and does not seem to be trustworthy. The Helmholtz coils will 

produoe approximately 1J0 gauss without overheating. 

To obtain low temperatures, the gear is first preoooled by 

admitting an exohange gas into the vaouum spaoe of the inner dewar 

flask and surrounding the flask with liquid air. After the gear has 

been cooled to liquid air temperatures, the vaouum space is pumped out 

to 2 x 10“5 mm 0f meroury, and the gear is carried to the Collins 

Cryostat where liquid helium is transferred into the inner dewar 

flask. Large heat influx is minimized by returning the inner dewar to 

the liquid air bath (figure 1) when transfer is completed. 

Ill PFOCEDUBE 

The care taken to obtain a homogeneous field is necessary 

sinoe the superconducting sphere has a diamagnetio susceptibility 

of - , and hence will swing from oenter when a field with large 

gradients is applied. Thus the coils must not only produce a homo¬ 

geneous field over a central region, but also the sphere must be sus¬ 

pended in this region. This alignment is made by measurement. Since 
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frozen-in moments appear whenever the sphere beoomes superconducting 

in the presenoe of a field, the pure superconducting state can be had 

only by balancing out the earth’s field* Since the gear cannot see a 

vertical frozen-in moment, it is sufficient to balance out the hori¬ 

zontal component of the earth’s field* This is done 'with the Helmholtz 

coils by aligning their axis with the horizontal component of the earth’s 

field and adjusting the ourrent to give zero horizontal field* To align 

K 
the coils, an M*A*D. detector-' is set in a Luoite block such that the 

o 
surfaces of the block are parallel to the axis of the deteotor within 0.2. 

This block is first placed horizontal and perpendicular to the ooil axis 

and the coils turned until a null appears on the C.K.O. The blook is 

then turned along the ooil axis and a current passed through the coils 

so as to obtain a null* Further adjustments are made until the blook 

oan be rotated in the horizontal plane without a change in the null* 

Although the detector is capable of seeing one gamma, one cannot say 

that the field which is homogeneous to only one part in a thousand over 

the volume of the sphere- is zero to less than one part in a thousand 

or about 10“^- gauss, since the earth’s field is of the order of 0.2 

gauss* Vfith the purity and geometrical perfection of the sphere used, 

this compensation is adequate since a very small frozen-in moment is 

observed. 

Observations are made in a helium atmosphere. By comparing 

damping in a vacuum with that in one atmosphere of helium at room tem¬ 

peratures, it was concluded that the damping due to one atmosphere of 

helium gas was not observable, and hence reductions in pressure neoes- 

sary to cool the liquid helium oause no error in observations. To follow 
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the oscillations of the sphere, one observes a hairline shadow reflected 

from one face of the mirror attached to the upper end of the pyrex tube. 

The shadow is fooused on a ground glass scale (figure 2) one meter away, 

and the amplitudes are observed to one part in one thousand on this 

scale. An observation consists of recording the period and the ampli¬ 

tude as a function of time for some known temperature and field strength. 

Four liters of liquid helium is sufficient for a run of fourteen hours, 

or approximately forty such observations. 

amplitude of oscillation as a funotion of temperature and magnetic 

field strength. To find the logarithmic decrement b one first cor¬ 

rects the observed amplitudes to true amplitudes by adding a correc¬ 

tion to, say, the left hand amplitudes and subtracting the same correc¬ 

tion from the right, sinoe the mid-point of the oscillations may not be 

exactly zero on the scale. Then one observes that the osoillations are 

IY INSULTS 

As mentioned previously, the observables are the period and 

given by . & ^ 

$ a 4.e e 
(2) 

or the observed maximum amplitudes 

(3) 
t 

Thus to find £ one plots the logarithm of the amplitude against time 

and takes the slope. Figure 9 is typioal of suoh a plot. In taking 
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observations, the first three osoillations are recorded, the next 

seven omitted, the next three recorded, etc., until the desired number 

are taken. It is apparent that this does not materially affeot the 

accuracy, and it eliminates a great amount of labor. 

temperatures and on three occasions at liquid helium temperatures. A 

summary of the data from one occasion on which data were obtained at 

liquid helium temperatures is given in Table 1. Some liquid air data are 

given in Table 2. 

A. Period of Oscillation 

apparent. First, the period varied by approximately 0.7 per cent from 

room to liquid helium temperatures. Figure 10 shows the observed 

period as a function of temperature and also a curve derived in the 

following manner. Let 

Acourate data were obtained on four occasions at liquid air 

As far as period ohanges are concerned, several things are 

where 

Taking cX to be 22 x 10“^ °C from the Handbook of Chemistry and Physios,^ 

we find for the temperature change 29l+° - J+° s 290° K 

(5) 

Thus figure 10 is a comparison between the observed change and the 

change predicted should the coefficient of expansion given for the 
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temperature range 16° to -180° C be oorreot at all temperatures* The 

agreement is satisfactory, and therefore further work is being done on 

a brass cylinder in place of the tin sphere to determine the coeffi¬ 

cient of expansion of brass necessary to explain the period changes. By 

about its axis and then removing the lower half inoh of the oylinder 

and again observing the period as a funotion of temperature, the stress 

on the torsion fiber will be approximately the same, and one might 

assume the temperature dependence of the torsion constant and suspen¬ 

sion system will be the same in each oase* With this assumption, and 

by observing a great number of oscillations for increased accuraoy, 

one oould then compute the coefficient of expansion and also learn the 

temperature dependence of the suspension system* 

fields of the order of 0.6 gauss are applied at ij.*2 K. In Part V it 

will be shown that one expects a decrease- in period when a field is 

observing the period changes for a, say, I4-inch-long cylinder rotating 

Secondly, from Table 1 we see that the period decreases when 

applied if the value 

and later justify this assumption 

is large* See figure 11. Let us assume that ~ - A3' 

imption. Sinoe 

Vfc.-bS 

we have 

(6) 
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We take the real part of equation 21, let B= 2.58 and let 

B = 0.666 gauss. Thus 

Torque = \ - VwK?'!e ~ — 
2JU0 ^ 2.i»6 CosW.*.*© - cosz. 

= (j.ZfcsV* ^0. oT]• W * 

(7) 

(7a) 

Torque s 0.03 dyne-cm/radian 

To predict the change in period, we must find the torsion oonstant. 

This is done "by first computing the moment of inertia of a one-inch 

sphere with the density of tin. Then the moment of inertia of the 

complete suspension is found by comparing periods taken with and with¬ 

out the sphere. Knowing the period and moment of inertia, one finds 

the torsion oonstant by substitution in the equation 

r. 1. r*"1 (8) 
' A.T* X 

The 3-mil tungsten fiber was found to have a oonstant of 6.5 dyne- 

om/radian. Therefore the eddy ourrent theory in Part V predicts 

~^>= ,<^<3 
The observed change was 

6, 5 \ QO'b 
V, 00S" (9) 

\ 1.007 (9a) 

v 
As will be shown, the value s VO was taken because it is the 

value derived from the damping measurements by equation 23d. By refer¬ 

ring to figure H we see that the approximation used will provide a 

value of the conductivity lower then the exact expression and that if 
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we take a low value for the conductivity, and henoe for J gTranUo1 , 

the predicted torque will be too small* Let us say that the agreement 

is only approximate, but that the error may be due to the approxima¬ 

tion used* 

The period in the superconducting state is of paramount inter¬ 

est, for if the Meissner ourrents were coupled to the lattice, a torque 

and thus a ohange in period would result by virtue of the following 

considerations. If we write + ATV (A and \b-0 , we have^s * 

If this magnetisation is fixed with respect to the sphere, a torque 

results. 

(10) Tav^= WxV\ -- - wm 

-ATT M* t- 

-W ^>W & 
~ 2 M* ^ 

(10a) 

(10b) 

where the faotor 3/2 is the demagnetizing factor. This is not to be 

confused with the asymptotio value of the expression in equation 21. 

The asymptotic value is that arising from a sphere beooming a perfect 

oonduotor in the presence of a field and has the opposite sign from 

equation 10b. To determine the predicted effect on the period, we let 

25 gauss and oompare 

W <s>2-S:<0- 61A ' \Q 
~z3io= Tu>~'T ~ ao^vaA^(ll) 

-T 

(Ha) 

with the torsion constant 6.5 dyne-cm/radian. Since these torques are 
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in opposite directions, the sphere will turn through an angle greater 

than "1% and assume a new position of equilibrium. Sinoe no such 

behavior was observed, we conclude that no such oomplete ooupling 

exists, and we then wish to know what fraction of this torque is per¬ 

mitted by the uncertainty in period. In figure 12 we see that the 

chief period changes are due to a frozen-in moment; that is, the period 

ohanges reverse direction with a reversal of the magnetic field and 

are proportional to the square root of the field strength. The uncer¬ 

tainty with which the line through the square of the periods at large 

fields passes through square of the period for zero field is obviously 

less than 0.5 per cent of the square of the zero field period. Hence 

no torque exists greater than 0.005 times the torsion constant of 

6.5 dyne-cm/radian, except those that change signs with a reversal of 

the field. Thus any ooupling between the lattioe and the Meissner 

ourrents is less than 0.005 x 6.5o31 times as strong as a rigid ooupling. 

If on the other hand the sphere had become a perfect oonduotor 

in a horizontal field, the period should decrease in the ratio 

It is obvious from Table 1 that suoh is not the case. 

The effect of the frozen-in moments has already been mentioned. 

These arise whenever the sphere is cooled to the superconducting state 

in the presenoe of a magnetic field. The latter part of Table 1 deals 

with moments purposely frozen-in. The only conclusion derived from 

these observations to date is that for this tin sphere if cooling to 

the superoonduoting state takes plaae in a field of 5 gauss, the 
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Meissner effeot is imperfeot to the extent that approximately 2 per cent 

of the flux is frozen-in. 

B. Eddy Current Damping 

As far as the damping is concerned, one may begin'at liquid air 

temperatures by examining Table 2 and also figure 13, which is a plot 

of the logarithmic decrements against the square of the magnetic field. 

Figure 13 is taken from Table 2 and a similar table based on observe- 

tions taken several weeks earlier. If we say£- «*Y> v£> , we will show 
o wo 

in Part Y that 

cx. = \ 

£"5 

(23d) 

-A 
where is the moment of inertia. From figure IS we take «=<-. 0572‘ 10 

-A - -r 
\S • d>.o5T2*lO-^ \o° 

'7S° TT^.'ifei'MO^vQ ® (12) 

= "Vtwo7 *'VwMne\cv 

Information in the International Critical Tables indicates that the 

value of -1? at this temperature should be I4..I5 x 107 mhos/meter if 

we take -the room temperature value to be O.87 x 10? mhos/meter. 

Dropping to ij..2 K, we take cx. from figure ll*. and substitute 

again in equation 23d. This gives a conductivity of 1|.29 x K)10 mhos/meter 

in contrast to the data in the International Critical Tables which prediot 

a conductivity of 0.87 x lol® mhos/meter. 

In the superconducting state at 2.96 K we find a slight spread 

in values for the logarithmic decrement. This is probably due to 

disturbances associated with the running of the vaouum pumps necessary 

to obtain this temperature. It is apparent from figure 15 that the 
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spread is small compared to the ohanges involved at 1+.2 K as shown in 

figure ll+ and at the same time the fields involved are approximately 

ten times greater* Therefore, if one draws through the spread of points 

a line with the maximum conceivable slope, one finds 

-S 
\0 <=< tt 

YUyf*M 

This sets an upper limit on the damping in the superconducting state 

U3) 

V EDDY CURRENT THEORY 

In considering observed damping and period ohanges in the 

superconducting state as oompared to the normal state, one should 

first investigate the predictions of eleotromagnetic theory for a 

sphere of finite resistance* The problem is approached in the follow¬ 

ing manner. , 

A sphere oscillating with amplitude about a vertioal 

axis in a horizontal magnetic field is equivalent, as far as the 

sphere is concerned, to a stationary sphere with an oscillation mag¬ 

netic field ^ , which can then be resolved into a constant in, say, 

the x direction (see figure l*) and an alternating component^ =*^>0^ 

in the z direction. Let us consider small oscillations so that 

aw 

Let us consider the eddy currents produced by the alternating 

component in the sphere of radius 3 and resistivity £* . The current 
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distribution is found as follows (see for example Smythe, Statio and 

Ijynamie Electricity, p. 388). If we neglect displacement ourrents 

(our frequencies are approximately 0.1 ops) and take Maxwell’s equation 

2>t (15) 

and take ^ x K , it follows that 

£ - -dA. Q ~ (15&) 
dt ' dt 

since here £T must be zero in the statio case. 

Thus if Ohm’s law is valid, the current density 4 is given 

by 

7* _ _ \ a/A 
Z dt . (15b) 

The problem now is to solve the wave equation which is 

'Qthdk- *■'. (15°) 
T dt ^ • 

If we use spherical polar coordinates with the polar axis coinciding 

with the z-axis in figure we can see that the alternating '
1
PJ 

is independent of and has no <jt> component. For this case the solution 

is (Smythe, p. 395) 

iV rk^Cco^ ^ Q>cc*ert\(cnI (16) 
^ 4V* -(?»*<$) * 

where 'V*and G)nare Legendre’s polynomials of the first and second 

kind, andand "X are modified Bessel functions, and -p - 

To determine we 0°nsider the boundary conditions that 

must be satisfied. As Y beoomes infinite, the must approaoh the 

vector potential of a uniform field which is 
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A, - - r*** . (17) 

Thus n * 1 and 

(17a) a<y<~o A° * 
4> 

•where is the unit $6 vector. Since "2.^ becomes infinite at the 

origin, the solution inside the sphere must be 

0<'r‘a K# = ^ (17b) 

A® ^ t>»n © A** 1 Requiring that at r-a 

we have 

V, V*. f\ v'l 

C - ^ ^ (17c) 

Thus for 

As - r/f -J^Acbw^t \ 
For small values of the augument, the Bessel function 

Substituting in equation \5b we have 

~T - 60 YS\v^r 
IT 

(17d) 

(17e) 

(18) 
for an approximation which is good for ^->o. For the present oase of 

a tin sphere with W-'- 0.1+ seconds”* this approximation is sufficient at 

liquid air temperatures but inadequate at liquid helium temperatures. 

Thus for liquid air and higher temperatures, the physical picture is 

clear: the j coefficient means that these currents are a maximum when 

is a minimum and are simply trying to resist a ohange in flux 
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through the sphere. These currents are always from the direction 

of the constant field '2se> and hence a torque results that is propor¬ 

tional to or to the rate of change of $ henoe it is a damping 

foroe, and an addition toappears in the equation of motion 

• • • 

O = v (19) 

To treat large values of the conductivity, it is more instruc¬ 

tive to work out the aotual torque produced by the eddy ourrents than 

to consider the current distribution itself. Here we take the expres¬ 

sion for C derived by Smythe and apply it to our problem. The torque 

T is given by 

”T = C V Y&vdfcr 
Jr, (20) 

(20.) 

•^S>« ^ (20b) 

- —. * l' > 

(20o) 

~z.M o 
1 

By noting that (3)2 I (l_i j)» the real and imaginary parts oan be 
VT 

separated by a messy but straightforward prooess. The result is that 

T - 
-2-Ms. 0- 

1, - &yv» ^ 1 
s’ 

-zM* 

jV]L ^ -a •* 5>^>J5y * *7 

(21) 



20 

■where as before "o * ^TTCO JUO 
' -zr 

The first term in this expression is in phase with Ib^^and represents 

a change in the effective torsion oonstant. The second term is 

out of phase and thus produoes damping. As the conductivity becomes 

very large, ^ becomes large, and in the limit it is seen that the 

damping term disappears and there is a torque (restoring) 

T = a* (22) 

A plot of the damping and the restoring torque as a function of conduc¬ 

tivity is given in figure 11. 

To establish a physical picture, oonsider the extremes of 

conductivity. For very low conductivity, the eddy currents are set 

up to resist a change in flux, but due to the resistance, these cur¬ 

rents are proportional to the rate of change of flux and when orossed 

with the magnetic field produce a torque proportional to . 

For infinite conductivity the flux through the sphere cannot change. 

Assume that the sphere were in a oonstant field and were zero 

when the conductivity became infinite. Now if we apply which 

in this experiment amounts to setting the sphere in oscillation, 

surface currents are set up suoh as to buck the so that the flux 

through the sphere does not ohange. Obviously these ourrents are in 

phase with and produce a torque in phase with due to the 

presence of the oonstant . That this torque approaches a value 

asymptotically becomes apparent if one considers that the magnitude of 

these ourrents increases with increasing conductivity from zero until 

the magnitude is suoh as to completely balance the and then increases 

no more 
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A useful approximation to equation 21 can be made by expanding 

ooth. Let CC'v^YVj. = i C - U" 

ccftkvr = •V’Vr ■ •••• ^'<1T 
(23) 

“V = -^c ifaz (23a) 

_ .'^Sicay1, v ^Oco-^ 
” 2.M* IS (23b) 

- - ^^^4° 
r (23o) 

- ^ § cokete <=* = 
(23d) 

IS***1 

This means that the equation of motion has an additional damping torque 

proportional to the square of the field strength. Thus 

0-5 (2k) 

Since the coefficient of ^ in this equation is twice the logarithmic 

decrements, we find 

c 1.% <=*. -- III M (25) 

and ©C may be found by taking the slope of a S,vs. magnetic field strength 

squared plot. Then knowing the radius a of the sphere and the moment of 

inertial, one may calculate from equation 23d the resistivity ~C • 

To investigate the range of validity of this approximation, it is plot¬ 

ted along with the exaot expression in figure 11. It can be seen to be 
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valid for 

-<■ 'L'S ' (26) 

It deviates only slightly for the tin sphere used in this work at J+.2 K 

wherea. ^ 2. S& * exao'*: expression must be used to obtain 

a restoring torque at I4..20 K. 

VI CONCLUSION 

In conclusion one may say several things in regard to eddy cur¬ 

rent damping and the superoonduoting state. 

1. No coupling exists between the lattice and the Meissner cur¬ 

rents (or the flux responsible for the Meissner effect) that causes a 

change in period greater than the change oaused by 10”5 of the torque 

resulting from a rigid coupling. 

2. In the absence of appreciable frozen-in moments, no field 

dependent damping exists in the superoonduoting state in excess of 

10"5 of that observed at 2+.20 K. 

3. The theory outlined in Part V has been experimentally veri¬ 

fied at 78° K and found not only to be self-consistent at I4..20 K, but 

also able to explain the observed apparently otherwise unexplainable 

decrease in period in the presence of a horizontal magnetic field. 

Ij.. Assuming this eddy ourrent theory to be valid, the condi¬ 

tion B = 0 and moreover the Meissner effect have been observed, for 

otherwise a large decrease in period would have been observed in the 

superoonduoting state. 
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TABLE 1 

(Data taken April l4» 1950) 

Humber 
Tempera- 
ture K 

Field* 
Gauss 

Period 
Seoonds 

Logarithmic 
Decrement Seconds”^ 

1 U.2 .0000 16.35 3.49 x io“4 

2 .222 N 16.35 7.17 

5 .222 S 16.35 7.13 

4 •444 H 16.34 16.6 

5 .0000 16.35 3.61 

6 •1J44 s 16.33 17.8 

7 .666 S 16.28 34.0 

8 .666 N 16.29 34.3 

9 .0000 16.35 4.05 

ooils 
Slowly oooled with a current of 

to balance earth’s field. 
17.80 milliamps through 

10 2.96 .0000 16.34 2.76 x 10“4 

11 11.1 s 16.26 2.78 

12 .0000 16.34 2.90 

15 11.1 N 16.43 3.20 

14 20.0 N 16.48 3.27 

15 .0000 16.34 2.78 

16 20.0 S 16.27 3.01 

Warmed to l*.2 K. Compensation of earth’s field oheoked. 
Slowly cooled with 17.80 milliamps. 

17 2.96 .0000 16.35 6.37 x io~4 

* Field of Helmholtz coils minus (plus) earth’s field. N 
indicates field of ooils is parallel to earth's field. S indicates 
anti-parallel. 



TABLE 1 (continued) 

Humber 
Tempera¬ 
ture® K 

Field 
Gauss 

18 2.96 20.0 N 

19 20.0 S 

20 .0000 

21 27.8 W 

22 .0000 

23 27.8 S 

2h .0000 

25 27.8 S 
27.8 N 

.0000 
27.8 S 
27.8 N 

.0000 

Warmed to 1*.0°K. Cooled 
during cooling. 

26 3.34 5.55 s 

27 .0000 

28 5.55 H 

29 11.1 S 

ary. 

t O Warmed to 4.0 K. Cooled 

30 3.34 11.1 s 

31 ,0000 

32 5-55 s 

33 5-55 v 

3k .oooo 

35 

Period 
Seconds 

Logarithmic 
Decrement Seconds”"*- 

16.23 3.75 x 10*4 

16.1+2 3.73 

16.35 3.61 

16.1+3 3.1*5 

16.35 3.1*1 

16.1*0 3.72 

16.35 3.31* 

16.38 
16.1*6 
16.38 
16.1*0 
16.1*6 
16.1+3 

Check of period 

in 1.11 gauss S. Sphere stationary 

15.55 5.77 

16.35 4.30 

16.87 5.75 

15.52 5.53 

in 2.22 gauss S. Sphere station- 

15.17 6.97 

16.36 5.53 

15.83 6.21 

16.77 5.66 

16.35 5.79 

16.97 5.38 11.1 H 



TABLE 1 (continued) 

Number 
Tempera- Field 
ture°K Gauss 

Period 
Seconds 

Logarithmic 
Decrement Seconds"! 

ary. 
Warmed to l4..0°K. Cooled in 5*55 gauss S. Sphere station- 

36 3.3U 11.1 s 15.34 7.12 

37 .0000 16.36 5.55 

38 7.77 s 15.67 5.57 

39 5.55 N 16.97 6.27 

ko ll.l N 17.09 7.38 



TABLE 2 

(Bata taken April 4» 1950) 

Number 
Tempera¬ 
ture °K 

Field 
Gauss 

Period 
Seoonds 

Logarithmio 
Deorement Seoonds 

1 78 .000 16.37 5.75 x 10“4 

2 11.1 S 16.37 10.6 

3 11.1 N 16.37 11.0 

4 7.77 S 16.57 7.17 

5 7.77 H 16.37 7.27 

6 .000 16.37 5.68 

7 9.99 S 16.37 9.41 
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