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MAGNETIC EFFECTS IN A ROTATING SUPERCONDUCTOR

Introduction

Certain metals (e.g., lead, tin, mercury), when
cooled below a critical temperature characteristic of
each, suddenly lose thelr resistance completely, even to
the extent that if a current is set flowing in & closed
loop df one of these<ﬁetals, 1t will persist without any
measurable decrease for as long as one mainteins the
temperature below its critical value, This was the first
property of what is now called the.superconducting state
of a metal to be discovered (Kammerlingh Onnes, 1911)1),
and it has Important conseduences on the law of electro-~
magnetic induction. For if the resistance of & Super—
conductor be really zero, then the electric field within
the superconductor must be zero, since a potential gradient

would require finite resistance., Then one can conclude

from the law of induction -

= B
CNMHL.EZ:=-—:%HE

that E = 0, and that consequently B = constant in a super-

conductor. This means that whatever magnetic fileld exists
in a superconductor at the time it passes through the .
trénsition will be 'frozen in' and will thereafter remain
constant, Independent of any further changes in external
fields,

The concept of an infinite conduqtivity is'not‘strictly

correct, since the electrons still possess inertia. One



of the early attempts to develop the electrodynamics of
superconductors took into account the inertia of the
electrons by writing an "acceleration equation' for the
motion of free electrons in an electric field. This
equation, when expressed in terms of the macroscopic
current density'ﬁrand electric field iﬁ can be written as
) AT =E A= M/ne?
wﬁere n is the volume density of superconducting electrons,
m the mass, and e the charge of the electron, This equation
vas thought of as replacing Ohm's law for superconductors,
If one assumes the relations g'—‘-‘/“on and D= €°€
for & vacuum hold in a superconductor, then equation (1)

together with the two Maxwell relations

E =z —28
2) cvrl E = =52

T e p =
3) OUT\ H = T+>-c_

can easily be shown to lead to the equation
a [
yy V'B = /-f- B

for B within the superconductor, which when integrated
with respect to time gives

v* (B-8.) = #% (B-8)
vhere E; is the magnetic induction which exists at the
time the body becomes superconducting. The solutions of
this equation for B - Eo fall off exponentially from the
surface of the superconductor, so that essentially they

give B = Eo everywhere inside. This was assumed to be
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the case for a superconductor until in. 1933 Meissner
discovered that when a substance goes superconducting

it kicks out any magnetic flux which it might contain at
that time, so that B = O seems to be the more proper
description of the magnetic fleld in a superconductor..
This is a quite fundamental property of superconductors,
and is more satisfying from a theoretical point of view
than'ﬁiZ—E;, since it provides thermodynamically reversible
magnetic behavior in a superconductor. One might assume
then that B = 0 is the proper description of the 'pure!
superconducting state characterized by complete reversi-
bility in its magnetic behavior.

F. and H, London3) have'developed a set of equations
which describe the electromagnetic behavior of the pure
superconducting state. By assuming & nevw relatlon between
the supercurrent and the magnetic induction |

5) cur] AT = - B
in addition to the acceleration equation (1), they arrive
at the equation

6) ve= B
for the magnetic inducfion in a superconductor. In effect,
this amounts to setting B = 0, since the solutions to this
equation differ from zero only in a thin layer at the
surface of the order of 1072 cms. thick. Thus the
significant properties of the pure superconducting state

are properly described by the London equations.



The above considerations have only been applied to
simply comnected superconductors, In the case of a
multiply connected superconductor, such as one which has
the shape of a doughnut, it can be shown that these
equations admlt only solutiohs for which the magnetic
flux throﬁgh the hole is constant, in accord with the
persistent current experiments which have been performed.

A further property of superconductors is the fact
that their superconducting state will be destroyed by a
sufficiently strong megnetic fileld., This critical field
is charecteristic of each metal, and depends on the tem-
perature, the dependence on temperature being of the form

He= < (TL-T7) , Where T, 1is the critical
temperature.' It 1s also found that a current will destroy
superconductivity, but this i1s felt to be due to the
magnetic field produced by the current (Silsbee's hypoth;
esis)lo). This has been verified experimentally,

From an experimental standpoint-the Iondon equations
do not apply except under ideal conditions. What is

)

actually observed experimentally 1s a Melssner effect
varying anywhere from zero, as depicted by the acceleration
theory, to complete, as described by the London theory.

A variety of experiments have been perforﬁed on these
hysteresis effects (i.e., the existence of 'frozen in'

flux in superconductors), and in general it is found thatv

they depehd on the degree of impurity, on the crystal

structure of the specimen, and on its geometrical shape.
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MendelssohnS) has mede a study of !'frozen in' fields in
hollovw and in solid specimens of mercufy, tin, lead,
tantalum, and various alloys. He found that in tin single
crystals, and in polycrystalline tin and lead, the
'frozen in'! f£lux amounted to from 6% to 15% of the total
flux threading the specimen at the time of transition, and
that in general the amount of 'frozen in' flux increases .
with the dégree of impurity, even to such a degree that
some of the alloys (e.g., lead plus 10% bismuth) froze
in all of the flux. Of all the substances he investiga®ed -
only mercury seemed to show complete reversibility, corre--
sponding to the pure superconducting state, which would be
characterized by a complete Melssner effect. This state:
seems to be closely approached by a single crystal of
extremely pure metal in the form of a long, thin rod.
Apparently there exists an intermediate state for
superconductors in general for which the behavior ranges
from that which one would expect according to the accelera-
tion theory to that depicted by the London equations.
Gorter6) and London3) have proposed a model to explaein the
structure of Lthe intermediate state of the superconductor.
They suppose that as the metal passes into the supercon-
ducting state annular superconduecting regions are formed
within, which crowd the magnetic flux within their 'holes'
closer together as they grow until a point is reached when
the magnetic field strength in these 'holes' exceeds the
critical field'Strength, thereby preventing the further



growth of these superconducting regions. The flux which~
remains in these 'holes' gives rise to the permanent magnetic
moment, which is 'locked in' by the surrounding superconduct-
ing regions. In this manner a state intermediate between
perfect diamagnetism (B=0) and perfect conductivity

(B = B,) 1s achieved,

Several inV@StigatOPS7)’8)’9) have treated the problem
of a rotating superconductor, but the most thorough investi-
gation is that to F. London. All agree in that 1f one brings
a superconductor into a state of rotation starting from rest
below its transitlon temperature, a weak magnetic fileld will
be generated due to the lagging behind of the superelectrons
with the lattice of the metal, since they assume no inter-
action between the two systems. However, London concludes
on the basis of his theory that one would also expect the
appearance of the same magnetic field indépendently of
whether one cools the superconductor below its transition
temperature while rotating of brings it into a state of
rotation - after cooling below the transition temperature,

a result entirely unexpected on the basis. of the accelera-
tion theory used by Becker in his treatment. Thus an
experimental Investigation of this idea would be - of importance
in clarifying fundamental theoretical ideas concerning
superconductors, The present experiment was designed to
detect these magnetic effects, which would be of the order

éf 10"4 gauss for a superconductor rotating at 6,0001r.p.m.

-
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However, at the present time effects of this order of
magnitude have'been obscured by first order effects of

an interesting nature. The results gilven in this thesis
will be concerned solely with these first order phenomena.

The following phenomena have been observed in the
present experiment:

a) The'perfect shielding of a superconducting lead
can, in its hollow, to changes in an external magnetic
field. | |

b) The Meissner effeet in a'solid specimen of chemi-
cally pure tin. | | |

¢c) 4 large positional effect, i.e. large changes in
the magnetic field around the specimen of tin as it is

turned through a complete revolution after being cooled
below its transition temperature in an external magnefic
field.

d) The destruction of this positional effect by
rotating at high speeds (6,000 - 8,000 r.p.m.), the
decrease in magnitude depending on the total time and
possibly speed at which the specimen is rotated.

a) and b) represent well known properties of super-
conductors, c¢) and d) are not well known, and only further

experimentation can determine thelr true nature.



EXPERIMENTAL EQUIPMENT AND METHOD

Detecting Eduipment

The:equipment used to detect the magnetic effects
described is the airborne magnetometer developed by the
Navy during the war and kindly supplied to the Rice Insti-
tute Low Temperature Laboratpry through the cooperation of
the Office of Naval Research,. 4

The sensitive_element_of this equipment_is avsmall
coll wound in a siﬁgle 1ayer around a core of magnetic
material of high initial permeability which saturates in
a low magnetizing field_(of the order of l_gauss),wﬁlﬁ the
coll exists in a unidirectional field, then the current
through the coll required to produce saturation is different
in one direction from what it is in the other. Furthermore,
i1f the initial permeability is high, the further change

£

of flux through the coll after the saturating current is
reached will be negligible, so that essentlally the flux
remains constant after the_§atp?ating‘cgrrept‘ig reached.
If & current from & high impedance source is sent through
the coil, thé_f;ux‘through the coil on the positive half
swing of the cg:renp will be.diffgrenﬁufromﬂﬁhat on the
negative half swing, due to the unidirectional field which
exlsts in the coil, and consequently the_flux in the coil
will exhibit an anti-symmetrical wave form. - The voltage
developed across the coll will also exhibit an anti-
symmetrical wave form. It is easily seen that the Fourier

analysis of an anti~symmetrical wave will contain a second



harmonic, whereas that of a symmetrical wave will contain
none. This second harmonic which is generated by the uni-
directional field is used as the measure of that field.

An analysis of this detector coil, based on simplifying
assumptions concerning the magnetization curve of the core,
shovs that the magnitude of the second harmonic is propor-
tional to the field in which the coil is located,

A block diagram of the complete eqﬁipment used in the
experiment is shown in Fig. 1. 1Instead of one, three of
these detector elements were used in the experiment in
order to measure the magnetic effects in three mutually
perpendicular directions. The current was supplied by
a 1,000 cycle, push-pull, tuned plate oscillator with
an automatic volume control and buffer amplifiers on its
output to isolate the oscillator from the load. The out-
put from the oscillator is fed through a 1,000 cycle filter
to eliminate any harmonics it might contain, especially‘
the second harmonic. The'output from the fiiter contains
three leads, each of which leads through an inductance.
coil to a series resonant circult consisting of a detector
coil and a'series capaéitor shunted by a resistance to
ground. The resohant circuits provide a strong current
through the coils necessary for proper operation. A three?
way switch enables one to switch the input of a 2,000
cycle filter to any one of the three ehannels, designated

by Hx’ Hy’ and H,. The 2,000 cycle output from this filter
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1s fed into & resistance-coupled amplifier whose output
is measured with a wvacuum tube Voltmeter and at the same
time observed on an oséilloscope. The amplifier has two
stages, in between which is located another 2,000 cycle
filter to reduce further any 1,000 cycle component still
present.

Although the signal read on the voltmeter will be
proportional to the fleld in the detector for large filelds
(.1 gauss), this will not be true for extremely small
fields (10—4 gauss ), since the magnitude of the second
harmonic generated will be of the same order of magnitude
as the 1,000 cycle component vhich is left after filtering,
and also because some 2,000 cycle voltage is generated in
the inductance coils, which have iron cbres. Hence, on
eliminating the field at one of the detectors, one finds
that the voltage on the voltmeter does not go to zero,
but rather approaches a minimum value. Furthermore, since
the detectors are non-~directional by nature, one finds
that on reducing the field to zero, and then ilncreasing-
the field in the opposite direction, the voltmeter readings
will pass through 2 minimum value and then start to increase
again, as shown in curve A of Filg. 15. Hence one should take
as the true meésure of the field the difference between the
voltage measured and the minimum value obtainable. A
calibration curve on the H, detector, made with a small

solenoid in which the detector was placed, in fieldé up to
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0.4 gauss, is shown in Flg. 2. What is plotted is the
strength of the_Hz signal against the difference between
the current in the solenold reduired to produce a minimum
voltage and the current at which the voltage was read.

This is not the same curve that one would get by starting
in a field free space Vith zero current in the solenoid due
to the fact that the solenoid does not produce a uniform
field. However, the difference that would result would

not be too great, and the curve shown is good enough to
indicate the right order of magnitude. The scale in gauss
is based on the constants of the calibrating solenold. Thé
fact that the curve begins to level off at high fields is
not due to any non-linearity of the response of the detectors,
but rather -to saturation in the amplifier, All of the
effects recorded in the experiments were in the linear

range of this curve, The same curve was also run on the

H, and H, detectors, and they all agree to within 10%. On
the basis of the curve the components of the earth's field
within the experimenﬁal chamber at the detectors H,, H,,
and H, were found to be 0.17, 0.18, and 0.33 gauss,

respectively.

The nature of the way in which these detectors measure
a magnetic field shbuld be emphasized, What 1s measured
as a voltage is proportional to the total flux along the
difectionvof the detector axis. Thus any field which pro-

duces a net flux of gzero, such as a field at right angles
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to the coil, will not be detected at all., Furthermore,
because of the non-directional property of the detectors,
any change of field which only changes the direction of
the total flux will not be noticed unless during the
process of changing the signal is observed going through
its minimum value. To use one of these detectors as an
accurate magnetic field indicator, one would have to know

the exact nature of the fleld being measured.

Rotor Pramewvork

The rotor was placed in a housing wvhich Qas,attached
to a framework.designed to fit down into the experimental
chamber of the Rice Institute Collins Cryostat, The motor
which turned the rotor was placed at the top of this frame-
work underneath a top plate whicﬁ sealed off the hole
leading to the experimental chamber. The motor had to be
placed at the topto avoid freezing and also to keep from
heating the cold region of the cryostat when running. The
motor at the top vas joined to the rotor at the bottom by
means of a phosphor bronze wire under tension through two
textilite spacers placed along the framework and used to ‘
cut down on the vibration of the wire. Phosphor bronze
wiré vas used to avoilid having any moving magnetic materials
in the framework., The use of wire rather than a solid
shaft was found necessary due to the difficulty of align-
ment with a solid shaft. The shaft of the motor was
extended up to the top plate with a small disk on its end.
By observing this disk through a lucite plate at the top



with a stropotac, one could measure the speed of the motor
as well as visually éstimate the rest angle of the rotor
below.

The tin sample was made of chemically pure tin, con-
taining not more than 0,05% impurities, and cast in a
vacuum. It was-thén cut down to a cylindfical form with
well rounded edges and placed in the hollowed space between
two pleces of textilite which screwed together to form a
container. The tin is known not to have any flaws because
it is the same sample which was used by Mr. William Overton
of the laboratory for sound pulsing experiments wﬁich would
have detected any flaws., PFurther, in the ﬁégnetic experi-
ments described in this thesis, there is no evidence of lack
of homogeneity or of flaws in the tin rotor,

Tt was felt necessary to have, as closely as could be
obtained, a field free space which, moreover, stayed constant
with time. With this end in mind the equipment was designed
so that the rotor and measuring devices would be entirely
surrounded by & lead can, so that once the lead can had
gone superconducting; no further changes of field would
take place. No magnetic materials were located within the
lead can other than the detector elements themselves,
including the bearing which held the rotor shaft at the
bottom,. |

_ The three detector elements were mounted mutually

perpendicular to each other inside the rotor housing.
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The H, detector was stuffed in cotton inside a small
calibrating coil wound on a core of textilite, The cotton
vas used to eliminate microphonics in the detector when
the rotor was rotating. The rotor housing was insulated
from the fremework by a textilite plate in order to be
sure that no stray currents could flow around the detector
elements and produce spurious magnetic &fects.

A photograph (Fig. 3) of the rotor assembly shovs
the significant details of its construction. 4 is the
textilite container for the tin specimen, B is the cali-

brating solenoid for the H, detector, The detector elements

Hi and H& are showvn at C. D is the lead plate which forms
the top of the lead can. E is the textilite platé used
to insulate the rotor housing from the rest of the frame-
work. G shows a housing used to place the thrust bearing
which supports the tension in the wire, I, at a good dis-
tance from the detector elements because of the small
.amount of magnetic material it contained, H is a éoupling
device to join the wire to the rotor. F is a capillary
tube for measuring_the vapor pressure. A photograph of
the assembly with the lead can soldered to the lead plate.
with Wood's metal is shown in Fig. 4.

In Fig. 5 is shown a photograph of the complete experi-
mental equipment, A is a 350 volt regulated power supply
which supplies voitage to a voltage dividing circuit at B,

which in turns supplies the various voltages required
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to operate the oscillator unit C. D is the amplifier;
E, the vacuum tube voltmeter; and F, the oscilloscope.
G 1s a microameter used to measure the current in the
calibrating solenoid, and H is the rotor gear which vas
placed inside the cryostat.

In order to eliminate the earth's field at the
detectors H% and H&, two pairs of Helmholtz coils wound
on a square framevork 18" x 18" wereplaced outside the
cryostat in the x- and y—direcﬁions. Since these coils
were at right angles to each other, the fields at the

H& and H_ detectors could be minimized independently.

J
To eliminate the z-component of the earth's field a
solenolid was wound around the outer jacket of the cryostat
itself. A top view of the arrangement of the coils about
the jacket is shown schematically in Fig. 6. The off-
centering of the experimental chamber with respect to the
solenoid on the outer jacket and the fact that the jacket

is made of iron are undesirable features of the arrange-

ment; however, these features could not be avoided.
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EXPERIMENTAL RESULTS
Run IT

The results reported were taken on two different
successful runs, designated by I and II. Only the data
taken on run ITI will be given in detaii, since the results
of run I arein general the same, and vwere of exploratory
nature.

Just above the transition temperature of the lead
can the field inside the cryostat at ths three detectors
was eliminated as well as possible by steady currents in
the external Helmholtz colls. This was somewhat difficult
for two reasons:

a) The cryostat itself was running so that the
vibration of the machine produced random fluctuations of
the detector signals,

b) A vacuum‘pump behind the cryostat was running,
giving a fluctuating signal at the detectors.

However, by looking at the pattern of these signals on
the oscilloscope, it was possible to recognize the signal
due to the steady field. Under these conditions, the

following detector output readings were taken:

Hy = 0.10 volts H, = 0.08 volts Hé'z 0.08 volts
Theée output voltages correspond to magnetié fields of’
fLess"L:h;;m.lo-3 gauss., When the 1ead;can passed through -
its transition temperature of 7.2° X, the signals changed

within an interval of only a few seconds to the new set

of readings:



17~

H = .35 volts Hy = 1.10 volts HZ = 0,08 volts.
From the changes that took place in these signal strengths,
one can conclude that a significant reorientation of the -
magnetic field distribution took place, which may be due
to a large inhomogeneity of the magnetic field within the
lead can, i.e., the magnetic fleld vas only eliminated &t
the detector elements and could have been much different

L0

from zero at other regions within the lead can. Thereafter

the detectors vere completely oblivious of any further:

changes in the external field around the lead can, a result

in accord with the perfect shlelding property of supercon-

ductors.

The field.within the lead can does not live up to one's
expectations, since 1t seemed to change with time. About |
15 minutes after the second set of readings was taken, the
following set was recorded:

L, = 0.83 volts H& = 1305 volts H, = 0.20 volts,
The possible error in these readings is only % 0.02 volts,
so that the difference in readings represents a real change
in the magnetic field diétribution. Hovever, the rotor
vas turned on from time to time to prevent its freezing up,
and this change of field way represent an effect of the
rotation on the magnetic field within the can,

After the lead can Wént superconducting at 7° X, the
cryostat was run for over two hours to liquefy some four
liters of liquid helium at 4° K. The cryostat was then

shut down, and a set of readings taken at various positions
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of the rotor in order to look for possible positional
effects above the transition temperature (about 3.7° K)
of the tin. These values are recorded in the follovwing
table. A denotlng the angle of the rotor with respect to

an arbitrary direction which was used throughout the

experiment.
A Hx A Hy A Hy,
(degrees) (volts) (degrees) (volts) (degrees) (volts)
hs5 0,90 - 200 2.05 180 0.16
270 0.90 hs 2.05 L5 0.17
90 0.90 160 2.05 20 0.16
140 0.90 200 2.05

The angle A was measured by estimating the angle of the
indicator at the top of the motor. Since the motor shaft
vas attached to the rotor at the bottom by means of a
phosphor bronze vire, there is & possibility of a difference
between two readings representing the same angle at the
indicator because of different amounts of twist in the wire.
A check outside the cryostat showed this difference to be
vithin the error of estimation of the angle at the indiceator,
but this may not have been true at the 1iQuid helium temp-
eratures at which the readings wvere fakenf

The table shows that there exists no positional effect

of the rotor above the transition temperatﬁre of the tin.

It also shows a marked difference from the magnetic fleld
readings taken two hours earlier, This cannot be ascribed
to changes in the assoclated electronic equipment, since the

strengths are not affected in the same manner.



Next, a set of measurements to detect any rotational
effects while the tin was in the normal state was taken,

giving thefollowing table:

W Hx Hy Hg
(r.p.m.) (volts) (voits) (volts)
0 0.83 1.85 0.18
6400 0.20 3.30 o 0.15
3500 0.10 1.80 0.15
0 0,854 2,90 0,18

It is seen from this table that large signals have been
generated by the rotation, especially in the x- and y-
directions. The existence of this rotational effect above
the transition temperature of the tin makes it impossible
to make any conclusions concerning rotational effects due
to superconductivity. It is probably due to eddy currents
of a complicated nature induced in the rotor by its motion
in a magnetic field. It seems strange that H, showved a
relatively'small changé on rotation; which furthermore
seemed to be independent of speed; This may be due to

the fact that H, is close to the minimum value on the
calibration curve (Fig. 14, curve A), where the sensitivity
falls off. On stopping the rotor, Hy shoved another big
change. Again there seems to be an effect of the rotation
on the magnetic fleld.

The tin was taken below its transition temperature
and brought back up a total of three times, and a study |
of positional effects in the sﬁperconducting state before
and after rotation was made. These trials are designéted

by the numbers 1, 2, and 3.



-20-

Trial T By pumping on the bath of liquid helium in

which the rotor was immersed, the temperature was lowered

from 4.2° X to 3.2° K, which is well below the transition
temperature of 3.70 K for tin. The temperature was observed
by measuring the vapor pressure of the liquid with an open
tube manometer, and by a calibrated carbon resistor
thermometer, At 3.7° K, as read on both thermometers,

sudden changes took place in the Hi, and H, readings,

Hy’
which leveled off to a constant value in an interval of a
few seconds., These changes represent the Melssner effect
taking place in the tin and are recorded, together with
the position of the rbtor, on Figs. 7, 8, and 9. The arrow |
is used to designate the Meissner effect due to 10Wering
of the temperature, On finally warming back up, the
Meissner effects are recorded as: "peading below" 7T
"reading above." |

As soon as the temperature was well below the transition
temperature, curves A of Figs. 7, 8, and 9 were taken. They
show -the magnetic field determined by the detectors as a
function of the rest position of the superconducting rotor,
A word of explanation concerning curve A of Fig. 7 should
be given at this point. An extra peak has been draﬁn in
on this curve (dotted portion) without much apparent justl- |
fication. There are several good reasons for believing
that this is the true shape of the curve as far as variations

in the voltmeter readings are concerned:
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The H, and Hy detecﬁors‘are both mounted tangentially
to the rotor at right angles. Consequently the positional
effect observed in one should also be observed in the
same manner in the other, except for a phase difference
of 90°, The H, variations are cleerly of simusoldal
nature, Hence the H, variatlons should also be sinusoidal
and 90° out of phase with respect to the H& readings. By
assuming that the field at the H, detector has changed
direction'during the process of turning through one complete
revolution one would then have an extra peak in the volt-
meter readings because of the non-directional property of
the detector elements. One would get the true magnetic
fleld variations by reflecting this additional peak in
the line H, = 0.1 volts, which corresponds to zero magnetic
field. Tt is easy to see that on doing this one obtains

a sine curve, whose peaks are then 90° out of phase with

‘the corresponding peaks in the Hﬁ readings., The steep

slope of the curve to left of 120° and the fact that one
reading was taken at practically zero field seem to be
sufficient evidence for the assumption that this change

of direction has taken place. The various positions of the
rotor were obtained by turning the motor on and off quickly
to change 1ts position, and by reading fhe angle. off the

indicator at the top. It is seen from these curves that

wide variations in the readings have taken place due to the

position of the rotor, whereas above the transition temperaé
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ture no observable positional effect was found. It might

be argued that since the magnetic field within the lead
can had shown changes before, that an effect of this kind
was being observed, or that there is a relaxation time
associated witﬁ the sudden change in the rotor position,
and the readings would return to their equilibrium values
corresponding to a pure Meissner effect if one waited
avhile, To test this hypothesis, the rotor was left sta-
tionary for five minutes on dne of the readings (the value
1.45 for H at 15%). Tmo change took place in the H, read-
ing during this time interval, alphbugh a change of 2%
could have been detected. This is coﬁvincing evidence that
these positional effects are real and permanent, and not due
to any time variations of the magnetic field, since they
were all taken within a time of the order of ten minutes.
Next, the motor was turned on, and the data in table C
below was taken in order to observe any rotational effects.

Just as before, when the tin was in the normal state, large

C A B
W A Hﬁ W Hi W d&
(r.p.m.) (volts) - (r.p.m.) (volts) (r.p.m.) (volts)

0 0.28 0 1.45 0] 1.10
7500 0.29 5900 0.33 6000 1.67
6700 0.29 5600 ~0.40 5100 1.65
5750 0.29 L5500 0.58 3750 1.65
5100 0.30 3400 0.70 3700 1.72
4300 0.35 2400 0.78 0 1.82
3000 0.30 0 0.22

0 0.27



changes in the readings of the detectors took place on
rotating. What is observed in this case is probably a
mixture of the magnetic effect of the type generated above
the transition plus the effect that the positional varia-
Tion of magnetic field would have on rotation at high
speeds. The nature of this -signal is then quite complex,
and only further éxperimentation can decipher its true origin.
After turning the motor off, a few observetions on the
positional effect in the Hz detector were made. The results
are shown as curve B on Fig. 9. Since the possible error
in readings is £ 0.02 volts, a-straight line has been
drawn through these points, although there is probably some
positional effect still remaining.. Then'thevrotor wvas
turned again, and the data shown in table.;l_\ wvere taken.
On turning the motor off, the positional éffect was studied
in the H& detector, ahd the results shown in curve B of‘
Fig} 7 were taken. Although a straight line has been
drawn through the points it i1s clear that some positional
effect still remains, since the two pointsAwhich'do not
fall on the curve differ by more than the experimental
error, It is eaéily seen by é comparison with curve A of
the same figure that a curve of this type could be fitted
between these points just as well. The same process repeated
with the Hy detector rendered table B and curve B of Fig. 8.
Tt 1s clear from this curve that the positional effect has

novw been completely destroyed, since the points were taken
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at positions of the rotor where peaks had occurred 5efore
rotation,.

The temperature was alloved to rise slowly through
the transition value, and the magnitudes of the Melssner
effect was recorded as shown on the figures. It is seen
from the readings to which H,, H&, and H, return that the
field within the can has changed strongly, especially as
regards H&. This leads to further confusion concerning
the behavior of the field within the lead can, but it cer-
tainly does not alter the fact that the positional effect

exists and rotation will destroy it.

Trial II The system was taken below the transition tempera-
ﬁure, and the magnitude of the Meilssner effect was recorded
as shown in Figs, 10, 11, and 12. Then cur&es A, shown in
thesé figures, were taken. The rotor was rotated for several
minutes at 6,000 r.p.m. and turned off, after which curves B
wvere taken. Here again the assumption of a change in
direction of the magnetic fleld at Hi has been made on

curves A and B of Fig, 10. It is. seen from the curves B

of these figures that the positional effect has been
practically destroyed in all three directions at the same .
time, since in this case the positional effect wasmtakeg.

on all three detectors after the same amount of rotation,.

The specimen vas then taken up through its transition tempera-.

ture, and the Meissner effect was recorded.
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The voltmeter readings all returned to the same
values which they had before going down, except for
negligible changes. In this case the field within thé
can has not changed appreciably during the process of
going belovw the transition, rotating, and coming back up.
Yet, the decrease of the positional effect after rotation
is clearly shown, the same as in Trial I, Apparently then,
the destruction of the positional effect by rotating’is
independent of any field changes which might take place
within the lead can, since it was observed with an without

these changes having taken place.

Trial III The same process was repeated again, with the
difference that only positional effects in HZ were deter-
mined, and more accurate time measurements were made. No
detectable Meissner effect was observed on the transition
down. A more detailed set of data was taken on the posi-
tional effect, as shown in Pig. 13, which shows definitely
that a sine wvave pattern is followed as the rotor is turned
through one revolution. The points (@) were taken before
rotating. Then the rotor was turned on and rotated at
10,000 r.p.m. for 10 seconds, after which the points (o)
were taken. Then,in succession, rotations for 20, 4o, 80,
and 120 seconds were made; each was followed by a rough
check on the positional effect, as shown in the figure.
Only the curves representing no rotation and 270 seconds

of rotation have been drawn in, since not enough points were
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taken to justify detail cufves on the others.

It can be seen that the general trend is again toward
decreasing amplitude of the positional effect until it is
finally destroyed. There 1s some evidence that the final
destruction takes place suddenly, but this will have to be
investigated more carefully to make certain., Once again,
the field returns to its original value above the transition
to within the accuracy of measurement at these small values.

This trilal differs significantly from trials I and II
in that the rotor was cooled down at a different position.
In the first two trials the rotor was cooled down at 1000,
and in both cases the peaks of the curves occurred atvthe
same angles in an entirely reproducible way. If the
magnetic moment producing the positional effect is deter-
mined by imperfections or impurities in the lattice of the
metal then one would expect these peaks to occur at the
same angle of the rotor independently of the position at
which it is cooled. An opportunity to test this hﬁpothesis
wvas presented in trial III, where the rotor was cooled
down at 315°, In this case it may be seen that the peak
in the H, curve occurs at & new positioh, contrary to what
one would expect according to the hypothesis of imperfections
of the tin lattice. O0n the other hand the peaks of curves A
of Figs. 12 and 13 both occur at approximately the same
ahgle as measured from the angle at which the rotor was
cooled, This indicates that the magnetic moment producing -

the potential effect is set into the specimen only by the
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external field, and not by lattice defects or impurities.
This important aspect of the experiment will certginly

require more detailed proof in future experiments.

Discussion of Detector Sensitivity

It was suspected that the lead can had an effect upon
the sensitivity of the H, detector below its transition
temperature. A calibration curve was run on the H, detector
below 1ts transition temperature, using the calibraﬁing_
solenoid. A similar curve was run on the detector above
the transition temperature of the lead. The results are
shown as curves A and B respectively in Fig. 14; The dif-
ferences are striking. The sensitivity (slope of the curve)
above the lead transition temperature is greater and falls
off over a much smaller interval of current than it does
belov the transition. This difference is obviously due
to’the superconductivity of the lead can. What seems to be
taking place is a reactibn of the lead walls Lo the change
of flux créated‘within the can by the calibrating solenoid,
whichlacts in such & manner as to reduce the flux through
the solenoid which would ordinarily be produced.by a current
flowing in it. This effect could be reduced probably by
héving ﬁhe solenoid further‘removed from the wall of the
can, but this would be rather difficult under‘the crowded

conditions which already exist within the can.



One Turther Teature of these Curves should be noticed.
Above the Pb transitlion the minimum value of signal strength
obtainable with the solenoid was 0.043 volts, while below
the minimum it was only 0.10 volts, approximately twice as
big. This must be due to the fact that the field.of the
solenoid plus that of the reaction of the lead can is more
inhomogeneous than the fileld of the éolenoid by'itself,
Furthermore, the field within the lead can is probably more
inhomogeneous belovw the transition temperature. It seems
reasonable to assume that the detector still has the‘'same
sensitivity that it had above the lead transition, so that
the voltmeter readings are still proportional to the’tctal
amount of flux through the detector cére in the direction of

its axis,
Run I

The experiméntal arrangement in this run differs from
that of run II in that only the z-component of the earth's
field was eliminated, leaving a large horizontal component
frozen in within the lezd can. The gain of the amplifier
was lower than in run II by a factor of 13. Readings were
taken on the positionalbeffect, but thé angle of the rotof
vas not estimated. The situation in this run is further
complicated by the fact that such é small compdnent of
field was frozen in the z-directlon that changes in direc-

tion of the field at the detector could take place without
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changes in the magnitude of the signal generated. This
was actually observed on several of the Meissner effect
readings.

The results in general are in accord with what vas
found in run II. The field within the lead can remained
the same thfoughout the experiment within the limits of
error. However, due to the small field that was frozen in,
some change might have taken piace vhich was not detected
due to low sensitivity.

A Melssner effect vas observed at a;l times on passing
through the transition temperature of the tin., Iarge
positional effects were found below the transition tempera-
ture and before rotatlon. After_rotatinglaﬁ 8,000 r.p.m.
for several minutes, the positlonal effects were decreased,
in some cases to zero. In general the destruction of the
positional effect seemed to depend on the total time during
vhich the rotation took place. However, several times
sudden drops in the signal strength were observed while
rotating’followed by a decrease In the positional effect.
This indicates that the destruction of‘the positional effect
by rotation does not take place in a continuous manner with
time, but perhaps takes place in a series of sudden transitions
of random size, |

Several other interesting observations which are
important were made. On two different hrialéiMeissner.

effects were observed vhen the tin sample was cooled below



its transition while rotating (6,000 r.p.m.), which shows
that the transition into the superconducting state is not
prohibited by rotation. Identical changes took place on
both occasions, and the positional effect recorded after

turning the motor off below the transition was four times

smaller then the positional effect when the tin was cooled

while stationary. FPFurthermore, the positional effect
which remained after cooling while rotating was destroyed
by further rotation, |

It vas also found that by sending a strong current
(13 ma., corresponding to a field of 0.4 gauss) through
the calibrating solenold, and thereby creating a stronger
field at the tin specimen while 1t was cooled, a stronger
positional effect would be created, which could also be

destroyed vwith sufficient amount of rotation.

INTERPRETATION OF RESULTS

0f the preceding experimental results there are tvo
significant features which have been established:

a) When the tin specimen is cooled down below its
transition temperature in an external magnetic field, and
is then moved to different angular positions, wide varia-
tions in the magnetic field surrounding the specimen take
place., Moreover the peaks in these variatiOns seem to
occur at the same angle as measured from the position ét
which the rotor was cooled aﬁd not at the same angle of

the rotor with respect to the lead can. Thls indicates
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that the positional effect is not determined by lattice
defects or lmpurities.

b) After rotating the specimen for several minutes,
these variations are damped out, ﬁhe degree bf damping
depending on the total time of rotation and probably on
the speed at which the rotation took place. The fact that
one obtains a Melssner effect on incressing the temperature
efter the positional effect has been destroyed by rotation
assures one that it is still in the superconducting state,
and has not been driven into the normal state by rotation,
in which state there is no positional effect. It also
shows that the current ioop in the specimen reguired to
produce the Meissner effeét does not move with the specimen
as 1t is turned, but rather stays flxed with respect to
the external field. Definite proof of the.fact that rota-
tion does not prevent the transition into the superconduct-
ing state 1s provided by the observatlon of a Meissner
effect taking place when the specimen is cooled while
rotating.

It seems reasonable to assume that the positional
effect is due to a frozen in magnetic flux. It has been
shown that it 1s not due to the Meissner effect and so the
frozen in flux is maintained by‘a current 100@ thch'stays
fixed on the rotor. As to why this frozen in moment is
destroyed by rotation one can ohly speculate at the present

time.
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The present experimént has been of an exploratory
nature, and must be Improved in order to establish the
details of the positional effect. The lead can may hot
be necessary to shield against external fields, and should
be removed on the next experiment. Furthefmore, to eliminate
possible error in the angle measurements, a rigid shaft
should be put into the gear to replace the wire, and an
accurate angle measuring device installed which will also
enable one to turn the rotor around slowly to test the
positional effects. It is hoped to answer the following
questions in a quantitative manner :

a) . How does the amplitude of the positional effect
deﬁénd on time and speed of rotation?

b) Does the Melissner effect deﬁend on'the position‘
at which the rotor is cooled down? (This was obscure because

of the shift of field within the lead can).
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