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ABSTRACT 

A Study of Mechanical Forces on Type I Superconductors 

in a Magnetic Field 

David Robert Smith 

An investigation of the mechanical forces on supercon¬ 

ducting strips of indium about 10 ^ cm in thickness and strips 
-5 

of vacuum deposited tin about 8 x 10 cm thick due to their 

passage through magnetic fields has been made with a torsion 

pendulum. At 4.2° K the thin films showed no observable eddy 

current damping, while the indium strips showed damping which 

increased with the magnetic field intensity. At temperatures 

corresponding to critical fields of about 50 gauss both 

materials showed damping which increased with the magnetic 

field intensity. This damping is clearly not due to eddy 

currents in the normal regions in the case of the tin films, 

since no eddy current damping was observed at 4.2° K. It is 

believed to be associated with the motion of norma 1- 

superconducting boundaries and to the motion of flux lines 

against a resistive pinning force. An analysis of the data, 

assuming the dissipative force to be made up of a constant 

force plus a force proportional to the first power of the 

velocity with which the samples pass through the field 

regions, indicates that the constant force is about the same 

for the films and the strips for corresponding degrees of 

flux penetration. There was also evidence of a conservative 



force which tended to expel the samples from the field 

regions and produced a flux penetration barrier opposing 

the entrance of the samples into the field regions. 
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I. INTRODUCTION 

ft. . Some Fundamentals.'of Superconductivity 

When Earnerlingh Onnes^ discovered that the resistance 

of mercury becomes immeasurably small when the temperature 

drops below a certain "critical temperature" T he termed 
c 

the phenomenon "superconductivity." He also discovered that 

the superconductivity could be destroyed and the normal con¬ 

ductivity made to reappear by applying a sufficiently strong 

magnetic field Hc called the "critical field." Since that 

time superconductivity has been discovered in many other 

elements and compounds with critical temperatures ranging as 

high as 18° K. 

The so called "soft" or Type I superconductors such as 

tin and indium in addition exhibit perfect diamagnetism for 

T <( Tc and all values of the applied field H < i.e. the 

magnetic induction in their interiors is zero. Actually, 

this is strictly true only for very pure specimens in the 

shape of a long cylinder with the axis parallel to the 

applied magnetic field. Even in that case not all the mag¬ 

netic flux is expelled; it follows from the London equations 

for a superconductor and it has been observed experimentally 

that the field does penetrate slightly into the superconductor 

falling off exponentially with a characteristic distance X 

called the "penetration depth." But \ is usually quite small 

(of the order of 10“^ cm) for Type I superconductors. 



2. 
2 ) 

Meissner and Ochsenfeld discovered that the transition 

from the normal state into the superconducting state is 

reversible, i.e., regardless of the path of the transition, 

the magnetic induction always vanishes in the pure super¬ 

conducting state. This "Meissner effect," as it is called 

3) today, enabled Gorter and Casimir to develop a phenomeno¬ 

logical thermodynamic treatment of the superconducting phase 

transition in terras of a two fluid model. The superconducting 

phase is regarded as a condensation phenomenon much like the 

condensation of a gas into a liquid. Below the transition 

temperature a fraction of the electrons condense into the 

superconducting state giving up a condensation energy to the 

superconductor. The superconductor uses part of this energy 

to set up surface currents in such a direction as to produce 

a magnetic field in the superconductor which cancels the 

applied field. This is the mechanism for flux expulsion. 

The Gibbs free energy per unit volume of the superconductor 

in the presence of a field H is 

_ _ HL H* 

3 8 IT + 8TT 
(1) 

if the normal state is taken as the zero level. The magnetic 
JJ2 

equivalent of the condensation energy is therefore . 

A superconductivity parameter equally as important as 

the penetration depth \ is the "coherence length" ^ , which 

represents the distance over which the superelectron density 



3. 
n is significantly changed. For a Type I superconductor s 

L_ << 1. Superconductors for which are called 

Type II superconductors. In these the flux is expelled 

from the samples for applied fields H less than a lower 

critical field H ., * but for H <£ H <. H the Meissner effect 
cu cl c2 

is incomplete. This is the so-called "mixed state." For 

H y Hc2 the sample is in the normal state. 

In the superconducting-normal interface region* where 

both H and ng change significantly* equation (1) is no longer 

an adequate expression for the free energy per unit volume. 

In the first place less energy is expended for flux exclusion 

as evidenced by the partial penetration of the field. Since 

the field penetrates significantly to a depth \ the energy is 
JJ2 

lowered approximately by \ per unit area of interface. 

Secondly* since the superelectron density in the vicinity of 

the interface is less than it is deep within the superconduc- 

tor* the condensation energy is less by approximately jr ^c_ 
9
 8TT 

per unit area of interface . Thus* in the vicinity of the 

interface* there must be added to the right hand side of 

equation (1) the correction 

<*ns = ? 
_ \ H2 

8TT A 6TT (2) 

Because it is associated with the existence of a normal- 

superconducting interface oc is called the "surface energy." 
ns 
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It was mentioned earlier that perfect diamagnetism for 

all H < Hc occurred in a Type I superconductor only for a 

long cylindrical specimen with its axis parallel to the 

applied field. This is because that geometry produces very 

little distortion of the field lines. For other shapes, 

however, the field may be so distorted that it reaches its 

critical value at some points on the surface before it does so 

at others. For example, it can be shown that when a supercon¬ 

ducting sphere is placed in a constant magnetic field of in¬ 

tensity H the field at the equator reaches H when H = 2/3 H . 
c c 

In other words flux begins to enter the sample at some field 

H < H just as with a Type II superconductor entering the 
cl c 

mixed state. Furthermore the sample does not simply become 

normal in the high field regions, but the whole sample breaks 

up into a small scale arrangement of normal and superconducting 

regions. For H < H <H the sample is said to be in the 
cl c 

"intermediate state." The intermediate state is discussed in 

more detail in a later chapter. 

B. Statement of the Problem and Review of Related Work 

Suppose one were to produce a normal "hole" in a super¬ 

conducting plate by forming a localized magnetic flux "spot" 

with a suitable magnet with a magnetic field intensity greater 

than H . For a sufficiently large plate the flux would then 
c 

be confined to this normal hole, since the rest of the plate, 

being in the superconducting state, expels magnetic flux. 
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Now if one causes the normal hole to move by moving the source 

of the magnetic field the flux lines in the hole must move so 

that they may remain in the normal region. This is the basis 
4) of Volger’s ' unipolar dynamo. By moving the normal hole 

around the plate the flux linking a superconducting circuit, 

of which the plate forms a part, is periodically increased. 

The persistent current flowing in the superconducting circuit 
5) 

increases correspondingly. Volger and Marchand have demon¬ 

strated that a normal hole can be produced in a superconducting 

tin film by shining a ray of light of sufficient intensity 

upon it. After trapping magnetic flux in the hole they trans¬ 

port it across the film simply by pointing the ray of light 

along it. 

If a flux spot were moved across a normal metal plate 

eddy currents would be produced and there would be a dissipa¬ 

tion of energy. Is the transport of magnetic flux across a 

superconductor a dissipative process also? 
6) 

Kim et_ al. ' have related the power dissipation which 

occurs in a Type II superconductor In the mixed state carry¬ 

ing an electrical current to viscous flow of flux lines 

against a resistive force. They observe no voltage drop 

across the current carrying specimens until the current den¬ 

sity J reaches a certain critical value, but for larger cur¬ 

rent densities there is a voltage drop linear in the current. 

They Interpreted the critical current density to be that 
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value for which the Lorentz force J x H on the flux lines 

exceeds the "pinning force," a force which hinders the motion 

of the flux lines. For current densities less than the 

critical value the flux lines are "pinned" to defects in the 

crystal lattice but, by thermal activation, creep at a 

practically unobservable rate across the superconductor in 
7) 

the direction of the Lorentz force' 

The transverse motion of flux lines produced by passing 

a current through a Type II superconductor was experimentally 
8) n 9) 

verified by Giaever . In an analogous experiment Solomon 

made the same observation on a Type I superconductor in the 

intermediate state. Pearl1^ has demonstrated essentially the 

inverse effect that by mechanically forcing flux lines to 

move across a superconducting lead ribbon a steady EMF appears 

across the ribbon in a direction perpendicular to the flux 

motion. Pearl's measuring circuit was carefully constructed 

so that the magnetic flux linking it remained constant in time 

thus eliminating any Faraday EMF. 

C. Purpose of this Thesis 

The purpose of this thesis Is to present the results of 

some experiments designed to observe and measure mechanically 

the dissipative force on two superconducting tin films and 

indium strips due to the motion of magnetic flux lines through 

them. In these experiments it was more convenient to move the 

superconductors through stationary magnetic field regions but 
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the same relative motion of the superconductor and the field 

lines occurs. The thesis will present experimental evidence 

for the existence of both a dissipative force and a conserva¬ 

tive force. An analysis of the dissipative force in terms of 

a constant force plus a force proportional to the first power 

of the velocity with which the sample passes through the field 

will be presented in Chapter VII. 
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II. DESCRIPTION OF EXPERIMENTAL APPARATUS 

The apparatus used for measuring the forces due to the 

motion of magnetic flux through the superconducting samples 

consists of a torsion pendulum shown In Figure 1. The samples 

are carried by the lower part of the pendulum, a nylon disc, 

and are kept at liquid helium temperatures. As the pendulum 

oscillates each sample periodically swings into, through, and 

out of a localized magnetic field. The damping associated 

with the motion of the flux through the superconductors is 

measured by noting the decay of the amplitude with time. 

A. The Pendulum 

The nylon disc constituting the lower part of the pendulum 

carries the samples in the two slots milled in its upper face . 

Figure 2 Is a top view of the disc showing the location of the 

samples with respect to the disc and the approximate shape, 

size, and location of the magnetic flux regions when the pen¬ 

dulum is at its equilibrium position. The samples are carried 

back and forth through the magnetic field regions as the pen¬ 

dulum oscillates about the equilibrium position. 

The pendulum and the magnets are not In mechanical con¬ 

tact with the liquid helium. However, the glass bottle in 

which they are situated is completely surrounded by the liquid 

and is open at the top to the helium vapor. Thermal contact 

of the samples with the bath is accomplished via the vapor. 

The bottle rests on a nylon ring on the bottom of the helium 

dewar. 
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The bottle Is made in two pieces which come apart just 

below the neck so that the magnets and pendulum may be put 

inside. Both pieces are ground together at the joint, and a 

liquid helium tight seal is made with Dow-Corning silicone 

lubricant. 

A 35 inch long piece of 4 mm o.d. glass tubing cemented 

into a hole in the nylon disc with epoxy glue extends up 

through the neck of the bottle into the mirror housing, where 

it is attached to the lower part of the mirror holder with a 

nylon set screw. Thus the mirror, used in the measurement of 

the pendulum's angular deflection, rotates rigidly with the 

disc and the 4 mm glass tubing. 

A 50 cm long piece of .003 inch diameter tungsten wire 

serves as a torsion fibre. Figure 3 shows in detail the 

torsion fibre and the way in which it is attached to the mir¬ 

ror holder at its lower end and, at its upper end, to a brass 

rod in the adjusting mechanism. At each end the tungsten wire 

is spot welded to a piece of .044 inch diameter nickel wire. 

The upper piece of nickel wire was bent into the shape of an 

eyebolt and then flattened so that it could be rigidly attached 

by means of a set screw to the brass rod. The lower piece 

was glued into a hole in the center of a small cylindrical 

aluminum slug. The slug is attached to the mirror holder with 

a set screw. By turning a knurled knob at the top of the ad¬ 

justing mechanism the brass rod may be moved up or down 
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through an 0-ring seal permitting a vertical adjustment of 

the pendulum. Angular adjustment is accomplished by rotating 

the entire adjusting mechanism, which turns inside the upper 

0-ring rotation seal. 

The pendulum is put into oscillation by turning the brass 

tube by means of the handles which are attached to it at its 

lower end. The tube, supported by ball bearings, rotates 

inside the lower 0-ring rotation seal. Because of the friction 

in the upper 0-ring rotation seal the adjusting mechanism 

turns with the brass tube. The period of the pendulum is 

32.0 - .2 sec, and the torsion constant of the fibre is 

8.01 £ .05 dyne-cm per radian. 

The magnets were designed to produce localized magnetic 

field regions so that, effectively, the magnetic field "spots" 

swept across the samples as they swung through the field. 

The Scientific Glass Blowing Company of Houston made the C- 

shaped frames from pieces of 4 mm o.d. glass tubing. The 

magnets were wound by hand with .010 inch diameter niobium- 

zirconium wire with formvar insulation and no copper plating. 

The wire was purchased from Supercon Division of the National 

Research Corporation. A total of about 220 turns were wound 

one layer thick on each magnet. The number of turns per 

unit length was uniform except near the corners. From the 

dimensions of the magnet and the total number of turns the 
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average field in the center of the gap is estimated to be 

about 10 gauss per ampere. The gap to diameter ratio for the 

magnets is about 4 to 1, so the field probably fringes con¬ 

siderably in the gap. 

The two magnets are connected in series and are wound 

in such a way that the fields in the gaps are in the same 

directions. Figure 4 shows a schematic wiring diagram for 

the magnets and their power supply. The magnet current, fur¬ 

nished by an external six volt automobile battery, is brought 

into the helium dewar through a Kovar seal in the brass 

pumping tee by #22 copper leads. The leads pass outside the 

glass bottle through the liquid helium and are soldered to 

tungsten wires which are sealed into the walls of the glass 

bottle and are below the liquid level. Small drops of silver 

solder on the ends of the tungsten wire facilitate the sol¬ 

dering of the copper leads with ordinary soft solder. 

The niobium-zirconium leads from the magnets are con¬ 

nected to the other ends of the tungsten wires inside the 

bottle. The formvar insulation was thoroughly removed from 

the ends of the niobium-zirconium wires. These ends were 

placed Inside short pieces of thick walled copper tubing 

about 1/16 inch o.d. The pieces of tubing, which had been 

previously cleaned in nitric acid, were flattened with a ham¬ 

mer squeezing them tightly against the niobium-zirconium wires 

inside. These flattened pieces of tubing were then soldered 
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to the other ends of the tungsten wires Inside the bottle. 

This method of connecting the leads proved to be satis¬ 

factory as long as the liquid helium level stayed above the 

tungsten leads. When it dropped below there was evidently 

a sufficient net rate of heating at the superconducting-normal 

junctions to drive a portion of the magnets normal. 

The ammeter was calibrated and found to be accurate to 

2$. During any given run the ammeter reading varied by no more 

than .05 ampere . 

C . The Mirror 

The deflections of the pendulum are measured by looking 

through a telescope at the reflection of a circular scale 

on the wall from a mirror which rotates rigidly with the pen¬ 

dulum. Since large angular deflections* e.g. 90 degrees from 

equilibrium* have to be measured an ordinary galvanometer 

mirror was not suitable. A mirror with more than one face had 

to be made. For this purpose an octagonal shaped prism was 

purchased from the Edmund Scientific Company of Barrington* 

New Jersey. 

An aluminum film was vacuum deposited on the faces of 

the prism after it had been thoroughly cleaned. During 

deposition the prism was rotated slowly inside the bell jar 

by a device geared to an external motor so that all eight 

faces were coated uniformly. The result was an eight-sided 

mirror which proved to be quite satisfactory throughout the 

experiments. The mirror was then glued with epoxy glue to 

the two aluminum mirror holders. 
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D. The Dewars and Radiation Shield 

The dewars and the bottle In which the pendulum and 

magnets were situated were made of glass by the Scientific 

Glass Blowing Company of Houston. The nitrogen dewar fits 

around the helium dewar so that the liquid helium is com¬ 

pletely surrounded by liquid nitrogen. 

The helium dewar has an inner diameter of 105 mm and is 

33 inches long. Its jacket is connected through a piece of 

glass tubing to a ground glass stopcock. Thus nitrogen gas 

may be admitted into the jacket for pre-cooling the dewar and 

its contents to liquid nitrogen temperature before transfer¬ 

ring the liquid helium. Before the helium is transferred* 

the jacket is evacuated and the stopcock is closed. 

The jacketed part of the helium dewar is completely 

silvered with the exception of four more or less equally 

spaced vertical strips extending the length of the jacket. 

The strips taper from about 1/2 inch in width near the bottom 

to 1/8 inch at the top. They permit visual observation of 

the pendulum and the magnets from four sides and also provide 

a visual means for determining the liquid helium level. 

The neck of the helium dewar is eight inches long and 

four inches in diameter. The top is flanged and contains an 

O-rlng groove for sealing the dewar to the brass pumping tee . 

The dewar is supported from the brass plate above by an 

aluminum dewar flange. 
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The nitrogen dewar has an Inner diameter of 145 mm and 

Is 32-1/S inches long. It is completely silvered with the 

exception of two vertical strips on opposite sides of the 

dewar. The strips are about 1 inch wide and run the length 

of the dewar. Unlike the helium dewar its jacket is per¬ 

manently sealed. It is supported by a small wood platform 

which sits on the floor. The entire platform may be easily 

rotated so that the strips on the nitrogen dewar may be aligned 

with two of the strips on the helium dewar for looking inside 

at the pendulum. 

The radiation shield was cut from a piece of .030 inch 

thick brass sheet and was soldered to a piece of thinwall brass 

tubing. It was silver-plated by the Bronze Art Casting and 

Electroplating Company of Houston. The tube fits closely in¬ 

side the neck of the glass bottle, while the shield just fits 

inside the helium dewar. Thus, in addition to serving as a 

radiation shield, it also helps to position the bottle in 

the center of the dewar. It is cooled by the cold helium 

vapors . 

Before transferring the liquid helium the nitrogen dewar 

is filled and the whole system is precooled to liquid nitro¬ 

gen temperature for at least two hours. Normally three to 

four liters of helium are used. This amount of helium re¬ 

frigerates the system satisfactorily for about eight hours. 
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E . The Vacuum Systems 

The helium dewar and jacket vacuum systems are shown 

schematically In Figure 5. The entire pendulum Is enclosed 

In the helium dewar system. This means that all methods for 

adjusting the pendulum from the outside or setting It Into 

oscillation had to make use of O-rlng seals which permit the 

desired motion. The reason for this is two-fold. First of 

all* it is necessary to pump on the helium vapor to lower 

the temperature of the bath below 4.2°K. Secondly* since 

the pendulum oscillates with very little clearance between 

the pole pieces of the magnets* it is necessary to keep the 

amount of water vapor and air inside the dewar to a minimum* 

since these would freeze and collect on the pendulum causing 

it to stick. Even before the nitrogen is transferred for pre- 

cooling the experiment the helium dewar is purged several 

times with helium gas. During the pre-cool a slight over¬ 

pressure of helium is maintained in the inner dewar until 

just before the liquid helium is transferred. 

A desired temperature below 4.2° K is maintained by 

pumping on the helium vapor through a ma nos tat which maintains 

the helium vapor pressure to - 1 mm. The vapor pressure is 

measured with a mercury manometer. Its reference side is con¬ 

nected to the jacket vacuum system and is kept at a pressure 

of 50 microns throughout the experiment. 
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With the tin specimens it was necessary to warm up to 

room temperature as quickly as possible at the end of a series 

of runs in order to prevent the phase transition to gray tin 

from occurring. This was done by first removing the nitrogen 

dewar and then bleeding about 8 cm of nitrogen gas into the 

jacket. This provided a "thermal short" to the room tempera¬ 

ture surroundings, and any remaining liquid helium quickly 

boiled away. 

The two overpressure reliefs shown in the diagram are 

jars of mercury open to the atmosphere. Thus the pressure in 

either system can increase to only slightly above that of the 

atmosphere . 

F. The Frame 

The experiment is supported by a rigid wood frame which 

is bolted to the floor. The four leveling screws in the brass 

plate rest on the wood frame and are used in the alignment of 

the pendulum. Even with both vacuum pumps in operation nearby, 

the pendulum is remarkably steady. Occasional vibration is 

attributed to convection currents inside the glass bottle. 

The frame was made to be rigid by cross-bracing and by apply¬ 

ing glue to the joints. 
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III. PREPARATION OF THE SAMPLES 

A. The Tin Films 

The film specimens were made by vacuum depositing tin 

onto glass substrates 1 inch long and 1/4 inch wide. The 

substrates were cut from microscope slides to fit in the slots 

in the nylon disc. After being thoroughly cleaned in nitric 

acid they were rinsed in an Alconox detergent solution in an 

ultrasonic cleaner for about 45 minutes and then in distilled 

water. They were handled only with tweezers. 

The tin was of high purity (less than .002$ total impur¬ 

ity content) and was obtained from the Vulcan Materials Com¬ 

pany, Vulcan Detinning Division, Sewaren, New Jersey. Shavings 

from an ingot were placed in a clean tungsten boat in a bell 

jar. Just before the films were deposited, the bell jar was 

glow-discharged for about 20 minutes. The substrates were 

at ambient temperature during deposition of the films. 

The films are opaque and appear very milky on the side 

exposed to the air, but the other side, as seen through the 

glass, is a good mirror. They appear to have a very coarse 

grainy structure in that, when they are held up to the light, 

one can see many pin-point sized holes. During the experi¬ 

ments the film (milky) side of the samples faces up. 

A crude estimate of the film thickness is 8000 Angstroms . 

This was based on an estimate of the amount of tin evaporated, 

the measured distance of the films from the boat, and the 
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assumption that the tin was evaporated uniformly into a solid 

angle of 2rr steradians. 

For each sample* the film covers one surface of the sub¬ 

strate except for two very small areas near the corners which 

were covered during the deposition by the device used to hold 

the substrates. Each film is thus rectangular* 1 inch long and 

1/4 inch wide with small 45° right triangles missing at two 

corners about 1/16 inch on a side. 

B . The Indium Samples 

Indium shot specified to be 99*99?° pure was obtained 

from the Indium Corporation of America. It was melted in a 

clean pyrex dish open to the atmosphere and poured into a 

porcelain mold forming an ingot. Most of the oxide that was 

on the shot and that which formed during the melting remained 

in the pyrex dish making a relatively clean ingot. The ingot 

was then cold-rolled out to 1 mm thickness. Because the 

indium was so soft the 1-inch by 1/4-inch samples were cut on 

a paper cutting device . They were then annealed in a vacuum* 

measuring 10 microns on a Hastings vacuum gauge* for four 

hours at 100°C and then for 12 hours at 120°C . Then they were 

allowed to cool slowly in the vacuum back to room temperature 

for about 5 hours . All edges of the samples were rounded 

with a blunt tool. 
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IV . METHOD OF ALIGNMENT AND MEASUREMENTS 

A. Alignment 

It is desirable in these experiments for symmetry 

reasons to have the magnetic spot centered on the samples 

when the pendulum is at its equilibrium position as shown 

in Figure 2. in addition, each spot should be the same dis¬ 

tance from the axis of oscillation. Whether or not the pen¬ 

dulum is properly aligned is determined by looking at it 

through the slits in the dewars. 

The bottle was placed inside the dewar in such a way 

that by looking through two of the four slits on the helium 

dewar one sees end views of the magnets . The pendulum is 

centered in the "plane" perpendicular to that containing the 

two magnets by adjusting the leveling screws in the brass plate 

until the glass connecting tube "disappears" behind one of the 

magnets. While looking through the other two slits in the 

dewar the pendulum may be centered in the "plane" containing 

the two magnets by suitable adjustment of the leveling screws. 

The equilibrium position of the pendulum must then be 

adjusted so that the samples are situated directly between 

the pole pieces of the magnets. During these adjustments 

the pendulum is never stationary. However, the amplitude can 

usually be made quite small (less than 5° ) and the angular 

position is set so that the displacements of the samples to 

each side of the magnets appear to be the same as determined 
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from the positions of the edges of the samples relative to 

the magnets . 

That this rather crude alignment was satisfactory was 

borne out by the fact that the pendulum appeared to undergo 

only pure rotation during the experiments. Any appreciable 

lack of symmetry presumably would have caused some translation 

of the axis of rotation. The setting of the angular equilibrium 

position is probably good to - 3° . 

Before the pendulum is put into oscillation in the manner 

described in Chapter II, the equilibrium position is recorded. 

A telescope is focused on the reflection of a circular scale 

fixed on the wall from a galvanometer mirror attached to the 

brass tube. The scale number appearing at the hairline serves 

as a fiducial mark to which the tube is returned after the 

pendulum is put into oscillation. 

B. Amplitude Measurements 

A telescope is focused on the reflection of the circular 

scale from the octagonal mirror which rotates with the pendulum. 

As the pendulum swings the scale appears to streak by, but 

at the end points of the motion, where the pendulum is momen¬ 

tarily at rest, it stops and reverses its direction (as seen 

through the telescope). The scale number which appears at the 

hairline at an end point is easily read and recorded during 

the next swing. Also recorded is the particular mirror face 

from which the reading is taken. The accuracy of the scale 
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readings is estimated to be - 1.4 x 10 radians. 

The circular scale has as its center the axis of the 

pendulum and extends through slightly more than 90° of arc. 

Its radius is J2 - 0.5 inches. It is easy to show that when 

the pendulum rotates through some angle 9 the reflection of 

the scale readings sweeps through an angle equal to 2 9. This 

follows from the equality of the angles of incidence and re¬ 

flection. The scale is marked off in cm* and a deflection of 

1 cm as read from the scale corresponds to an angular deflec¬ 

tion of the pendulum of 2.73 x 10“^ radians, or 0.157° . The 

scale is illuminated by five 150 watt flood lamps . 

The mirror face from which the scale may be read when 

the pendulum is at equilibrium is designated the "0 face". 

The two adjacent faces are called the "-1 faces". The other 

face adjacent to the +1 face is called the "+2 face", while 

that adjacent to the -1 face is called the "-2 face", etc. 

As the image seen through the telescope sweeps the scale once, 

the pendulum has turned through 45° » since this is the angle 

subtended by one face of the octagonal mirror. With further 

deflection the scale readings start over again. There is 

seen a double image near an edge of the mirror since the scale 

is slightly greater than 90° of arc. 

When analyzing the data it is convenient to think of the 

scale as extending through 36Cf of arc. The scale readings 

for maximum excursions are converted to "extended scale 
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readings" as follows. Scale readings read off the O-face are 

read directly as the new extended scale readings, while those 

read from the -n-faces (n = 1,2,3) must be converted to ex¬ 

tended scale readings by 

Extended Scale Scale + 
Reading for -n- = Reading - n x 287 .3 cm , 
face in cm in cm 

since 287.3 cm on the scale corresponds to 45° • 

The maximum excursions of the pendulum are recorded in 

two columns labeled L and R with maximum excursions to the 

left (clockwise rotation as viewed from the top) listed in 

column L and maximum excursions to the right (counterclockwise) 

listed in column R. Due to damping of the pendulum the extended 

readings for column L decrease with time, but those for column 

R increase because the pendulum is swinging in the opposite 

direction. Since the pendulum swings to the left, then to the 

right, then back to the left again, etc., the maximum excur¬ 

sions are recorded in the same manner. 

Suppose a set of extended scale readings are xn to the 

left, to the right, and xn+2 to the left again. The 

scale reading E .P. for the equilibrium position is computed 

as follows s 

E.P. = x + (l/2) (xn+1 - x), 

where x is the average left hand reading, i.e. 

x =(1/2) (xn + xn+2) . 
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For any given run the equilibrium position computed in this 

way usually did not vary by more than 1 cm on the scale 

(or about .1° ) except for a peculiar shift of equilibrium 

produced by the magnetic field when the samples were super¬ 

conducting. This is discussed in the next chapter. The dis¬ 

placements from equilibrium are computed by subtracting from 

the extended scale readings an average of the equilibrium 

positions computed for that run. 

C. Period Measurements 

The period measurements were made with a spring wound 

stopwatch and are believed to be accurate to - .2 second. In 

most cases the time for two complete oscillations was measured 

and then recorded during the next oscillation. The average 

period for the two oscillations is half this quantity. For 

the larger amplitudes ( > 45° ) the period was measured as the 

time between successive maxima on the same side. The stop¬ 

watch was started when the pendulum was momentarily at rest 

and was stopped two oscillations later when the pendulum had 

reached its maximum deflection to the same side. For smaller 

amplitudes it was more difficult to determine just when the 

pendulum momentarily came to rest. It was more convenient to 

start the watch when a certain number passed the hairline and 

stop it two oscillations later when the number again crossed 

the hairline in the same direction. These two types of period 

measurement agreed to within the limits of accuracy of the - 

stopwatch. 
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The temperature of liquid He at atmospheric pressure 

is 4»2°K. The temperature is lowered by reducing the pressure 

of the vapor above the liquid by means of a vacuum pump. 

The vapor pressure is read from a mercury manometer, and the 

temperature is then determined from published helium vapor 

pressure data^^\ The air leak manostat could maintain the 

pressure to within 1 mm. 

The temperature of the samples was assumed to be equal 

to that of the bath. Just how long it takes for the samples 

to come to thermal equilibrium with the bath was not measured 

directly but results discussed in the next chapter of the 

vapor pressure at which the normal-superconducting transition 

occurs upon cooling and at which the superconducting-normal 

transition occurs upon heating in a magnetic field seems to 

indicate that the sample temperature follows the vapor 

pressure temperature with no more than a 2 to 3 second lag 

when the vapor is pumped through the manostat. When the sys¬ 

tem was pumped down to the desired vapor pressure temperature 

at least 15 minutes elapsed before the actual data were taken. 
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V. A GRAPHICAL PRESENTATION OF THE RESULTS 

In this chapter the results of the experiments are pre¬ 

sented graphically. From these graphs one can get a quali¬ 

tative idea about the nature of the forces which act on the 

superconductors due to their motion through the field regions. 

Most of the graphs are plots of the maximum angular displace¬ 

ments of the pendulum from equilibrium as a function of the 

"swing number". Each passage of the samples through the 

field regions, regardless of direction, constitutes a swing, 

and these swings are counted by assigning to them consecutive 

integral "swing numbers". During the n*'*1 swing, for example, 

the displacement from equilibrium changes continuously from 

n to x , where x , and x are consecutive maximum angular 

displacements from equilibrium. This type of plot will be 

referred to as a "displacement vs swing number plot", and 

the resulting curve as a "damping curve". 

In the first section the damping curves for various mag¬ 

net currents are presented both for the tin films and for 

the indium strips. Then follows a comparison of the relative 

amounts of damping above and below the critical temperatures 

for the same magnet currents. Following this there is pre¬ 

sented data which show evidence of a barrier to flux penetra¬ 

tion. Finally, there is a discussion of the behavior of the 

samples when a field is suddenly switched on while the samples 

are in the field regions . 
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A. Damping Curves for Various Magnet Currents 

Figure 6 shows a displacement vs_ swing number plot for 

various magnet currents for the indium strips at 4.2° K. The 

amount of damping is seen to increase with the magnet current. 

There is, of course, a certain amount of damping even with 

no current in the magnets. This damping, present in all cases, 

is due to friction in the torsion fibre and to the viscous 

drag on the pendulum by the helium vapor. There is a small 

but noticeable dependence of this damping on the temperature of 

the gas with greater damping at higher temperatures. An argu¬ 

ment giving support to the conclusion that the additional damp¬ 

ing with a magnetic field is due to eddy currents will be 

given in Chapter VII. 

With the tin films there is no observable difference be¬ 

tween the curve for zero magnet current and the curves for 

magnet currents up to 7.0 amperes at 4.2°K. Presumably the 

resistance of the films is too high for there to be any obser¬ 

vable eddy current losses. 

A displacement vs . swing number plot for the indium 

strips at 3*CfK for various magnet currents is shown in 

Figure 7. At 3.0f*K indium is superconducting and the critical 

field is about 50 gauss. There is no observable additional 

damping due to the passage of the samples through the field 

regions for magnet currents less than or equal to 5.0 amperes. 

However, at 5*5 amperes there is a noticeable amount of addi- 
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tlonal damping. This additional damping at temperatures below 

the critical temperature will be called "field damping". 

Between 5.5 and 6.5 amperes the damping increases rapidly 

with the magnet current. Between 6.5 and 7.0 amperes the 

damping continues to increase with the magnet current but at 

a lower rate. Maximum displacement values smaller in absolute 

value than 0.7 radians are not shown on this graph because 

another effect* due to a barrier to flux penetration* begins 

to show up. This is discussed in detail later in the chapter. 

Although there was no observable eddy current damping 

at 4.2° K with the tin films there is evidence of field damping 

below the critical temperature. Figure 8 shows a displacement 

vs_ swing number plot for the films at 3.4°K for various magnet 

currents. Tin is superconducting at 3.4° K* and the critical 

field at that temperature is* again* about 50 gauss. Obser¬ 

vable field damping begins to set in at about 2.0 amperes 

for the films and increases with the magnet current for magnet 

currents up to 6.0 amperes. There appears to be no change 

in the field damping* however* between 6.0 and 7.0 amperes. 

B. Comparison of Damping Curves above T_ with those below T 

Figure 9 is a displacement vs_ swing number plot for the 

tin films showing the relative amounts of damping for the 

same magnet current* 5.0 amperes* both above and below 

Tc = 3.8° K. As was mentioned in the previous section there 

is no eddy current damping at 4.2° K but there is considerable 
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field damping at 3.4° K. It is evident that the field damping 

in this case cannot be associated with eddy currents* since it 

is absent at 4.2° K. 

With the indium strips the comparison is complicated 

by the fact that there is observable eddy current damping at 

4.2° K. Figure 10 shows a displacement TO swing number plot 

for the indium strips showing the relative amounts of damping 

both above and below T = 3 • 4° K for the same magnet current. c 
There is no observable field damping at 4.0 amperes * i .e. the 

curve shown is identical with the zero-current curve. The 

eddy current damping at 4.2° K with a magnet current of 4.0 

amperes is therefore greater than the field damping at 3«0°K 

with the same current. However* with a magnet current of 6.5 

amperes the field damping at 3-0°K is greater than the eddy 

current damping at 4.2° K with the same current. The curves at 

3.0°Kand at 4.2°K are almost the same when the magnet current 

is 6.0 amperes. 

C. Evidence of a Barrier to Flux Penetration 

If the pendulum is given a large initial displacement* 

e.g. 90° from equilibrium* and its amplitude is allowed to 

decay to about 15° as the samples swing back and forth 

through the magnetic fields* the kinetic energy of the pendu¬ 

lum eventually becomes too small to carry the samples through 

the field regions when the temperature is less than the 

critical temperature. Instead* they remain trapped on one 
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side of the field regions and oscillate about a new center 

with very little damping and with about half the normal 

period. This phenomenon is shown in a displacement vs 

swing number plot for small amplitudes in Figure 11. The 

earlier swings have been omitted so that the horizontal scale 

could be enlarged. The graph is for the tin films at 3.4°K 

with a magnet current of 2.5 amperes. 

For larger magnet currents there is not such a pronounced 

discontinuity in the curve* nor is the equilibrium shift as 

great. Figure 12 shows a similar plot for the tin films at 

3.4°K with a magnet current of 7.0 amperes. In fact* the 

samples were never actually kept out of the field regions in 

this case* i .e. the barrier to flux penetration seems to have 

practically disappeared. Although there is a slight shift of 

the center about which the pendulum oscillates* the last few 

swings take place entirely within the field regions. 

This phenomenon is also observed with the indium strips. 

Figures 13 and 14 are displacement vs_ swing number plots for 

the indium strips at 3.0°K with magnet currents of 2.0 and 

6.5 amperes* respectively. In both cases the pendulum begins 

to oscillate about a new center* but the samples still pene¬ 

trate deep into the field regions. 

Figure 15 shows a plot of the equilibrium shift* i.e. 

the amount by which the center of oscillation is shifted due 

to the samples becoming trapped by the flux penetration barrier* 



30. 

as a function of the magnet current. With the tin films the 

maximum equilibrium shift occurs between 3«0 and 4.0 amperes 

and decreases with magnet current for currents greater than 

4.0 amperes. Over the same range of magnet currents the 

equilibrium shift for the indium strips continues to increase 

with the magnet current* but the curve appears to be leveling 

off at the higher currents. 

The typical behavior of the period in these cases is 

shown in Figure 16 -where it is plotted as a function of the 

swing number. The period remains constant at its normal 

value of 32.0 sec for a while and then increases to more than 

twice that value near the point where the samples become trapped. 

Although it is not shown in this graph the period then decreases 

to about half its normal value after the samples become trapped. 

The data shown on the graph are for the tin films at 3.4°K 

with a magnet current of 1.5 amperes. This type of behavior 

of the period is also observed for the indium strips. 

Unless the pendulum was given a large enough initial dis¬ 

placement the sudden trapping of the samples on one side of 

the field regions was not always observed. A series of ex = 

periments with the films was performed in which the pendulum 

was given an initial angular displacement slightly larger than 

that at which the trapping effect was known to occur* but less 

than 15° from equilibrium. For magnet currents of 1.5 and 2.0 

amperes there was a gradual shift of the equilibrium position 
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instead of the abrupt trapping which occurred for large 

initial displacements. 

This trapping of the samples occurs regardless of whether 

the magnetic field is turned on with the samples in the field 

regions and then the pendulum is displaced, or the pendulum 

is displaced first and the magnetic field is turned on when 

the pendulum is at a maximum displacement from equilibrium. 

The data shown in Figure 11 were taken both ways, and the 

damping curves were indistinguishable. The effect also seemed 

to show no preference for one particular side of equilibriums 

it was observed on both sides. 

D. Expulsion of Samples when Field is Suddenly Switched On 

Figure 17 shows typically what happens when the pendulum 

swings with a small amplitude completely within the field 

regions but with no applied field, and then a field is sudden¬ 

ly switched on near the middle of the swing. The data shown 

are for the tin films at 3.4°K. The magnet current was 4.0 

amperes. In this case the pendulum was given a "kick" in the 

direction to which it was swinging when the field was turned 

on. It then swung back through zero twice with an amplitude 

considerably greater than that which it had initially. However, 

the samples then became trapped on one side oscillating about 

a new equilibrium position. With 2.5 amperes in the magnets it 

swung completely through only once after the field was turned 

on before becoming trapped. Although it was never possible to 
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to bring the pendulum completely to rest before switching 

on the field the expulsion of the samples was observed with 

initial amplitudes as small as 1° for the indium strips and 4° 

for the tin films. In several cases with the indium strips, 

switching on the field during the middle of a swing stopped 

the pendulum and gave it a kick in the opposite direction. 

With the indium strips an expulsion from the field 

regions was also observed when they were cooled from 4.2° K to 

3.0°K in a magnetic field produced by a magnet current of 3.0 

amperes . The pendulum was first set into small oscillations 

(less than 5° ) with the temperature at 4.2° K. When the magnet 

current was turned on the amplitude began to decay more 

rapidly due to eddy currents, but the pendulum continued to 

oscillate. Then the temperature was lowered by pumping on 

the helium vapor through the manostat. The vapor pressure 

dropped at an average rate of about 1/2 mm per second as 

measured by the manometer. When the vapor pressure temperature 

measured about 3.4°K the oscillatory motion of the pendulum 

stopped, and it began to drift slowly out of the field. It 

continued this way with an occasional series of very small 

oscillations superimposed on the steady drift for about thirty 

minutes until it finally came to rest about 3° from equilibrium. 

After forty more minutes its position had not changed by an 

observable amount. 
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The experiment was repeated and the same thing happened 

again at the same vapor pressure temperature. This time the 

samples were allowed to warm up again. When the vapor pressure 

temperature reached the 3.4°K mark as measured by the manometer 

the pendulum appeared to become "free" and swung back through 

the original equilibrium position. The fact that the "tran¬ 

sition" occurred at the same vapor pressure temperature, both 

when the samples were cooled and when they were allowed to warm 

up again, is an indication of the accuracy of the vapor pressure 

thermometer in the measurement of the temperature of the samples. 

When this experiment was done with the tin films, however, 

the samples were not expelled from the field regions when cooled 

through the transition temperature. Furthermore, a repeat of 

the experiments which had previously shown evidence of a 

barrier to flux penetration revealed that the barrier had 

disappeared. Instead of the samples becoming trapped on one 

side of the field regions the amplitude continued to decrease 

until the pendulum came to rest at the equilibrium position 

directly in the field regions . The period decreased as the 

amplitude became smaller until the pendulum finally came to 

rest. 

Then the films were warmed up to 4.2° K and then cooled 

back down again, this time with only the earth's field. When 

the experiments were repeated the samples became trapped on 

one side of the field regions as they had before. It is 
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believed that when the films were cooled through the tran¬ 

sition temperature in the magnetic field they trapped an 

amount of flux sufficient to produce an attraction to the 

field regions large enough to overcome the flux penetration 

barrier. 
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VI. A QUALITATIVE INTERPRETATION OP THE RESULTS 

The graphical presentation of the data in the previous 

chapter seems to indicate the presence of a dissipative force 

and a conservative force acting on the superconducting 

samples when they pass through the magnetic field regions. 

It is the dissipative force which Is responsible for the 

field damping. The trapping of the samples on one side of the 

field regions and the expulsion of the samples by the fields 

are due to the conservative force. The nature of these two 

forces will now be discussed separately. 

A. The Dissipative Force 

Figures 7 and 8, the damping curves for various magnet 

currents for the indium strips and the tin films, respectively, 

contain some qualitative information about the dissipative 

force. For both the tin films and the indium strips this 

force was not observable below a certain magnet current 1^. 

1^ for the strips was greater than 1^, for the films. For 

magnet currents greater than I_^ the damping, and thus the 

dissipative force, increased with the magnet current. With the 

films there was a magnet current 1^ > 1^ such that increasing 

the magnet current beyond I2 produced no additional damping. 

1^ for the films was about 6 amperes. 

Because of the geometry of the samples and the orienta¬ 

tions in the magnetic field regions it is reasonable to expect 

them to enter the intermediate state at a threshold field H 
Cl 
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less than the critical field H . For a sample with a demag- 
\J 

netization coefficient D the threshold field is given by 

H = (1 - D)H . 
Cl C (1) 

For both the films and the strips D is close to unity, so the 

samples are probably in the intermediate state even with the 

lowest magnet currents. 

When a sample enters the intermediate state it becomes 

subdivided into a small scale arrangement of alternating 

normal and superconducting regions with B = H in the normal 

regions and B = 0 in the others. This was first postulated 
12) 13) 14) 

by Peierls ' and London . Faber has photographed powder 

patterns of the intermediate state. His photographs show that 

the areas of the normal regions grow at the expense of the 

areas of the superconducting regions as H increases from 

Hci toV 
For the films the energy dissipation cannot be associated 

with eddy currents in the normal regions, since no eddy cur¬ 

rent damping was observed at 4.2°K. Since it costs energy to 

set up a boundary between the superconducting and normal 

regions, one might assume that the energy losses have to do 

with the motion of the boundaries. Also, experiments^* 

were cited in Chapter I in which energy losses in Type I super¬ 

conductors in the intermediate state were attributed to flux 

lines moving against a resistive pinning force. 
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With the indium strips there may he in addition to the 

losses mentioned for the tin films, eddy current losses in 

the normal regions, especially for fields near H , since 

there is considerable eddy current damping at 4.2° K. The 

fact that the damping at 3.0°K is greater than the damping 

at 4.2°K, as shown in Figure 10, with 6.5 amperes in the 

magnets indicates that at that magnet current there must be 

other losses in addition to eddy current losses. If eddy 

currents were the only loss mechanism in the strips one would 

expect the damping at 3.0°K to always be less than or equal 

to the damping at 4.2° K for the same magnet currents, assuming 

there is no appreciable difference in the normal state 

conductivity. 

B . The Conservative Force 

This force, which tends to prevent the samples from 

entering the field regions and kicks the samples out of the 

field regions when a field is suddenly switched on is presuma¬ 

bly connected with the Meissner effect. The barrier to flux 

penetration can be understood when one considers how the 

field enters the superconducting sample. In order to enter 

the field region the sample must first of all compress the 

fringing field. This costs the pendulum energy. If the 

pendulum does not have enough energy to do this it stops and 

the compressed field lines push it back out in the direction 

from which it came . The marked decrease in damping, as shown 
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in Figure 11* indicates that this force is conservative. The 

small amount of damping may be attributed to the torsion 

fibre and gas damping. 

But what happens to this energy when the samples do 

swing completely through the field regions? Is it recoverable 

when the samples leave the field regions on the other side? 

The fact that the indium strips are expelled from the field 

regions when cooled through the transition temperature in a 

magnetic field seems to indicate that it is at least partly 

recoverable. Thus* this force* if not entirely conservative* 

does seem to have a conservative component. It is not com¬ 

pletely understood why the films were not expelled when cooled 

through the transition temperature in a magnetic field. Perhaps 

the pinning forces on the flux lines were too great for them 

to be moved by the conservative force. 

Thus the results have been interpreted qualitatively in 

terms of two forces* one dissipative and one conservative. 

In the next chapter the dissipative force is discussed some¬ 

what more quantitatively. An attempt is made to fit the data 

to a model in which the force is assumed to be made up of a 

constant force plus a force proportional to the first power of 

the speed with which the samples pass through the fields. 
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VII. AN ANALYSIS OP THE DISSIPATIVE FORCE 

In a sense, the speed with which the samples pass 

through the field regions is the independent variable in 

the measurements. This speed decreases with swing number due 

to the various means of energy loss. To a rough approximation, 

during the nth swing the samples pass through the field regions 

with an average constant speed proportional to Xn, the angular 

speed of the pendulum at zero angular displacement. Further- 

more, XR is roughly proportional to X the absolute value 

of the initial peak angular displacement from equilibrium for 

the n swing. This can be seen by equating the kinetic energy 

of the pendulum at X = 0 to the initial potential energy of 

the pendulum minus the torsion fibre and helium gas damping 

losses: 

lix* = inxJL - i-[iK(xL -x;2)]. 
Here I is the moment of inertia of the pendulum, k is the tor¬ 

sion constant, and X^ would be the absolute value of the final 

peak angular displacement from equilibrium for that particular 

swing if there were no field other than the earth's field. 

In all cases X^__-^ - *;2« 4-i>30 

Tlx" ± K XL 3 
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or, after dividing both sides by 1/2, 

i.e. X is proportional to X . However, since the speed n n-1 
with which the samples pass through the fields is not constant, 

perhaps a better approximation to the average speed would be 

(1) 

where X Is the absolute value of the final peak angular dls- 
n 

placement from equilibrium for the nth swing. The total energy 

loss during the nth swing is given by 

*e =TK[X;U - x*] . (2 

A. Torsion Fibre and Gas Damping 

The damping due to the torsion fibre and to the viscous 

drag by the helium gas is very nearly exponential. Thus 

Xn-1 and x
n 

be 6iven as a function of time t by 

X„., - Xo exp L 

Xn = X0e*PL-£(t+iT)] 

where X Is the absolute value of the peak angular displace- 
o 

ment from equilibrium at time t = 0, p is a constant and T 
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is the period. The difference between the squares of X „ 
n-1 

and X in this case becomes 
n 

XL - Xn 
(3) 

~ ~ exp(“^)] “ K| Xn-» 

where K, is a constant. Since X ^ X we may make the 
1 n-1 n 

approximation X «(l/^|[X + X ]. When this is substituted 
n-1 n-1 n 

into equation (3) the result is 

Xl,-X= = [x„., + X„]2 

or 

Xn-I - Xa = X [Xn., + Xrv] “A^Xrv-^Xj 

where A is a constant. Thus, a plot of (X , - X ) vs 
n-1 n — 

(X n + X ) should be a straight line of slope A passing 
n-i n 

through the origin. 

One difficulty with this type of plot is that 

(X — X ) depends crucially on the value computed for the n-i n 
equilibrium position. If there is an error of - A in the 

computed value of the equilibrium position, there will be an 

error of + 2 A in the value of (X _ - X ), since X , and 

Xfi are consecutive displacements from equilibrium. The data 

show that there is a random error in the computed value of the 



42. 

equilibrium position. This error can be partially averaged 

out if one plots instead Xn>Avg 22. (X + xn ^Avg* 

where 

(Xn., a [Xn-2 Xn_ } 
(5) 

and 
(Xrw + Xn)AVg - Z Xn_2 +2 Xn_, + Xn] . 

(6) 

Figure 18 shows this graph for T = 3»4°K. The straight line 

is a least squares fit forced to pass through the origin. The 

curve through the data points is bowed slightly upward indi¬ 

cating a slight departure from pure exponential damping. 

A similar bowing was observed when the experiment was done at 

room temperature in an evacuated dewar. Least squares fits 

gave A « 3.34 x 10"3 at 3.0° K and A = 4.03 x 10“3 at 3.4°K. 

Additional damping at 4.2° K was observed with the indium 

strips in the presence of an applied field, as was illustrated 

in Figure 6. This damping is that due to eddy currents. It 

is shown in the Appendix that the energy losses due to eddy 

currents are proportional to the velocity with which the 

samples swing through the field regions. Thus the expression 

for the total energy loss during the n^*1 swing becomes 

yZ 
■K[X„2.,-X2„] = ?KA[xn.,+ Xn] + iKBjXn-f-X*] . 



Division by (^) (X + X ) yields 
n—1 n 

[xn.,-x„l = A[X„.,+X„]+B. (7) 

A plot of (X n - X ) vs (X + X ) should again be a n-x n n-1 n 

straight line of slope A but with B as the (X -X ) n-1 n 
intercept. Figure 19 shows such a plot for the indium strips 

at 4.2°K with a magnet current of 5.0 amperes. As before the 

curve is smoothed out somewhat by plotting instead the averaged 

quantities defined in equations (5) and (6). There is a de¬ 

parture from the straight line for (X + X ) <1.2 n-1 n Avg 
radians. It is believed that for X <0.6 radians the samples n 
no longer swing completely through the field regions. This 

means that the energy loss is not as great as it would be if 

the samples passed c cm pie te ly through with the same velocity. 

Least squares fits to the linear regions of these curves for 

various magnet currents give the values for A and B listed 

in Table I. 
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Magnet Current 
(Amperes ) 

A x 103 B x 103 

(Radians ) 

2.0 5.6 1.5 

3.0 5.6 5.0 

4.0 5-7 9.9 

5.0 5.7 16 

5.5 5.8 20 

6.0 6.0 24 

6.5 6.0 28 

7.0 6.1 33 

Figure 2 0 shows a plot of B from Table I vs. the magnet 

current squared. The graph indicates that B is proportional 

to the magnet current squared, and thus to the square of the 

magnetic field intensity. An argument showing that the energy 

loss is proportional to the square of the magnetic field in¬ 

tensity for eddy current damping is given in the Appendix. 

Thus Figure 20 gives support to the conclusion that the 

energy losses at 4.2° K for the indium strips with an applied 

magnetic field are due to eddy currents. As mentioned in 

Chapter VI there was no observable eddy current damping with 

the tin films, presumably due to their high resistance. 
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C. Field Damping 

For T <. T the damping force Is more complicated. It 

was pointed out in the last chapter that the field damping 

for the tin films could not be due to eddy currents in the 

normal regions. The simplest picture one can Imagine, dif¬ 

ferent from the eddy current case, is that the force is com¬ 

posed of a constant part plus a part proportional to the first 

power of the velocity with which the samples pass through 

the fields. If this is the case, then the energy loss will 

also be composed of a constant term plus a term proportional 

to the first power of the velocity, since the distance over 

which the force acts is constant. The equation for the 

energy lost during the nth swing then takes the form 

"T [xL - x„ ] - a A[X„_,+X„] + e E>[X„_+Xn]+ a c. (8) 

The first term on the right hand side again represents the 

torsion fibre and gas damping losses. The last term is the 

loss due to the constant part of the force, and the second term 

is the loss due to that part of the force proportional to the 

first power of the velocity. Subtracting the torsion fibre 

and gas damping term from both sides and dividing through by 

{§■) (X + X ) yields the equation 

[xn_,-x„] -A[x„.,+xn] = B + c[xn_,+xn]‘‘. (9) 
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Thus if one plots the quantity on the left hand side of this 
-1 equation as a function of [X + x ] 

n-1 n 
the result should be 

a straight line of slope C and intercept B, if the original 

assumption about the force is correct. 

Figures 21 and 22 show these plots for the tin films 

at 3.4°K for magnet currents of 4.0 amperes and 7.0 amperes, 

respectively. Again the averaged values defined by equations 

(5) and (6) are used. The value used for A was that value com¬ 

puted earlier from the torsion fibre and gas damping data at 

3.4° K. Note that for values of [X _ + X ] greater that n-1 n Avg 

0.6 radian" , or X less than 0.8 radian there is a deviation 
n 

from straight line behavior, i.e. C is no longer a constant 

but is a function of (X , + X ). . Just as in the eddy 

current damping case at 4.2° K discussed earlier in the chapter, 

this is believed to be due to the samples no longer passing 

completely through the field regions. However, at 4.2°K this 

departure did not set in until Xn had decreased to about 0,6 

radians. The fact that the departure begins to occur at larger 

angular displacements from equilibrium at temperatures below 

Tfi is attributed to flux pinning. Below Tc there is a tendency 

for the samples to drag the flux lines along with them as they 

move because the flux lines become trapped on pinning centers. 

This would increase the effective size of the field regions. 
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A similar curve for the indium strips is shown in 

Figure 23. The magnet current was 5*5 amperes. The value 

used for the constant A was that value computed from the 

torsion fibre and gas damping curves at 3.0°K. Since the 

effect of the flux penetration barrier sets in at larger values 

of Xn for the stripss there are not as many data points 

available for plotting. There seems to be a greater spread in 

the points for the strips than there was for the films. 

Table II gives the values of the constants B and C ob¬ 

tained from least squares fits to the linear regions of the 

curves for different magnet currents for both the films and 

the strips . 
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Magnet Current 
(Amperes) 

Tin 

B x 103 

(Radians ) 

Films 

C x 103 2 
(Radians^ ) 

Indium Strips 

C x 103 

(Radians ) 

1.0 Co
 

00
 

-2.8 - 

2 .0 1.5 -1.8 .42 

3.0 1.7 5.7 - 

4.0 3 .6 19 -1.7 

5.0 5.9 44 .03 

5.5 - - 6.2 

6.0 - - 65 

6.5 - - 156 

7.0 12 .9 171 202 

Because of the spread of points in the graphs the least 

squares values computed for B for the indium strips are 

meaningless and therefore are not listed. The values com¬ 

puted for C for the strips are probably good only to 
+ -2 2 
-7 x 10 radians . With the tin films, however, the values 

for B are believed to be good to - 6 x IQ-3 radians and the 

values for C to - 3 x 10~3 radians2. Thus, the small values 

for C at low currents are meaningless. 

It is interesting to note that the two values for C 

are the same within the accuracy of the results at a magnet 

current of 7*0 amperes. Also, for magnet currents greater 

than 1^ the C values for the films and for the strips increase 
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correspondingly with the magnet current. If the constant 

part of the dissipative force is due to the motion of the 

normal-superconducting boundaries one might expect the values 

for C for the strips to be much larger than those for the 

films, since the strips are thicker than the films by a factor 

of about 10^, i.e. assuming the force to be proportional to 

the total area of interphase boundary to be moved. 

If the constant part of the force is the same for the 

films as for the strips at some field H, and if this force is 

assumed to be proportional to the total interphase area, then 

an interesting result follows. Let us think of the intermedi¬ 

ate state region as consisting of small normal holes of radii 

a in an otherwise superconducting region. The total area 
2 

of these holes in the plane of the sample is nna , where n is 

the number of holes. This area is assumed to be related to 

the total area A of the intermediate state region by the 

simple equation 

h 1T a? 

A ~ 

where H is the critical field. Thus, as H approaches H c c 
the total area of the normal holes grows until, at H = H c 

2 
the entire region is normal, and nna = A. When equation 

(10) is solved for n the result is 
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h = A 
Ha2 

H_ 
He 

(n) 

Now the total Interphase area A’ Is 2rrnat, where t is the 

sample thickness. Using the expression for n In equation 

(11) the expression for the interphase surface area is 

A / _ (12) 

Since A is the same for both samples and* for the same magnet 

current, H is the same, equation (12) leads to the relation 

U3) 

where the subscripts f and s refer to the films and the 

strips, respectively. Now if the forces being the same im¬ 

plies that the interphase areas are the same it follows that 

t/a = constant. (14) 

This means that the radii of the normal holes are proportional 

to the thickness of the sample. Thus, for example, if the 

radii of the normal holes in the strip at some magnet current 

are equal to 1 mm, then from equation (14), the radii of the 

normal holes in the film are about 8 x 10 cm. Now one flux 
-7 quantum is about 2 x 10 gauss -cm, so at the critical 

field of 50 gauss the radius of a "hole" occupied by one flux 

quantum would be 
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<x - 
Z X. ID^ "j ^ _5 

50rr C-m — 4-X IO cm - 

Thus each hole in the film would contain at most only a few 

flux quanta. This would perhaps justify a treatment of the 

velocity dependent part of the force in terms of the motion 

of vortex lines for the tin films. 

In order to get an idea of the relative magnitudes of 

the constant force and the first power velocity force the 

values of the corresponding energy loss terras in equation (8) 

are computed using values of B and C from Table II. The con- 
jr 

stant g- is 4.00 ergs per radian squared. With a magnet 

current of 7.0 amperes the constant terms are 0.8 erg for 

the strips and 0.7 erg for the films. The first power velocity 

term for the film at that magnet current is .1 erg for 

Xn hs 1 radian. At 5.0 amperes the constant and first power 

velocity terms for the films are, respectively, .2 erg and 

.05 erg for X^~l radian. Thus, it appears that the constant 

force is the larger of the two. 
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VIII. CONCLUDING REMARKS 

Let us recapitulate the results and their interpreta¬ 

tions as they stand at the present stage of this research. 

1. The evidence is that there is a dissipative force 

acting on the superconductors as they pass through 

the field regions. For the films it is clear that 

this force is not due to eddy currents. It can hg 

thought of as being made up of a constant part plus 

a part proportional to the first power of the 

velocity with which the samples move through the 

field regions. The constant force is about the 

same order of magnitude for the films as for the 

strips for corresponding degrees of flux penetration. 

It is also larger than the first power velocity 

force. This dissipative force is believed to be 

due to flux pinning and to the motion of the norma 1- 

superconducting boundaries. 

2 . There is also evidence of a conservative force which 

tends to push the samples out of the field regions. 

This force, believed to be due to the Meissner ef¬ 

fect, gives rise to an energy barrier to flux 

penetration. 

The author does not claim to have done anything more 

than make a qualitative investigation of the forces on the 

superconducting specimens due to their passage through the 
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magnetic field regions. The work will be continued and more 

measurements will be made with different materials of various 

sizes. A few preliminary measurements have already been made 

with some indium films. Future work will also be directed 

toward getting a better theoretical understanding of the 

forces involved in the motion of magnetic flux through a Type 

I superconductor in the intermediate state. It is hoped that 

the qualitative results presented in this thesis will serve 

as a guide for future efforts. 
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APPENDIX; 

A ) Eddy Current Energy Losses 

Suppose a superconducting sample passes through a 

magnetic field B with velocity "v perpendicular to B. Thus, 

in a coordinate system fixed in the sample there will appear 

an electric field E given by 

(1) 

where the quantities are expressed in gaussian units. Since 

the sample is a conductor there will be a current density j 
 2k 

expressed in terms of E by 

j =^E 

where Q" is the conductivity of the material. The force 

exerted on the current distribution j by the field *B is 

j * e> av 
(3) 

where x B^> is a spacial average of x "B over the volume 

of material in the field. From equations (1) and (2) one 

may obtain 

j X B - <rE x g =O-^XB|X8 . 
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When the triple vector product is expanded the result is 

j - B2 v 

But B and "v are perpendicular, so the first term in the 

brackets vanishes. Thus 

(4) 

J (5) 

If W is the effective distance over which the force acts, 

then the energy lost by the sample during a passage through 

the field is 

A£-^<B
2
)V 

assuming v is constant. Since W is constant, equation (6) 

states that the energy loss per swing is proportional both 

to the speed v with which the sample passes through the field 

and to the average value of the magnetic induction squared. 
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Figure 1. Sectional View of Experimental Apparatus. 



Nylon Disc 

Figure 2. Top view of the nylon disc showing 
the relative positions of the samples and the 
magnetic field regions at the equilibrium 
position of the pendulum. 
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Figure 3. Torsion fibre detail. 
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Figure 6. Displacement vs_ swing number plots for the indium 
strips at 4.2°K for various magnet currents. Indium is in 
the normal state at 4.2°K. In order to make the graphs 
more legible the individual points represented by the 
curves were not drawn. 
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Figure 7. Displacement v£ swing number plots for the indium 
strips at 3.0°K for various magnet currents. Indium is 
superconducting at 3.0°K with a critical field of about 
50 gauss. In order to make the graph more legible the 
individual points represented by some of the curves were 
not drawn. 
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Figure 8. Displacement vs_ swing number plots for the tin films 

. a^- 3.4°K for various magnet currents. Tin is superconducting 
at 3.4 K with a critical field of about 50 gauss. In order 
to make the graphs more legible the individual points 
represented by some of the curves were not drawn. 
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Figure 11. Displacement vs_ swing number plot for the tin films 
at 3.4°K with a magnet current of 2.5 amperes showing evidence 
of a barrier to flux penetration. The earlier swings have 
been omitted. 
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Figure 12. Displacement vs swing number plot for the tin 
films at 3.4°K with a magnet current of 7.0 amperes. 
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Figure 13. Displacement v_s_ swing number plot for the 
indium strips at 3.0°K with a magnet current of 2.0 
amperes showing evidence of a flux penetration 
barrier. The earlier swings have been omitted. 
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Figure 14. Displacement vs_ swing number plot for the indium 
strips at 3.0°K with a magnet current of 6.5 amperes showing 
evidence of a flux penetration barrier. 
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Figure 15. Equilibrium shift due to flux penetration barrier 
vs magnet current for the tin films and the indium strips. 
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Figure 17. Displacement ve swing number plot for the tin 
films at 3.4°K. Initially the pendulum oscillates in 
only the earth's field. When a magnet current of 4.0 
amperes is switched on at the point indicated the 
pendulum receives a kick expelling the samples from 
the field regions. 
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Figure 20. B from Table I vs magnet current squared 
for the indium strips at 4.2°K. 
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