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the lead tube, Eq. (2) predicts for the interval of
the magnetic field strength corresponding to one
flux unit a value of H =0.5 oe. The experimen-
tally observed interval, however, reaches only

FIG. 2. Resonance amplitude divided by measuring
field H as a function of the applied field H . The
ordinate is proportional to the frozen-in flux. x—First
run; o- second run.

0.2 oe, that is about 40 k of the calculated value.
So far the reason for this discrepancy is not clear.
For example, an error of 60% in the determina-
tion of the lead tube's diameter would explain the
difference, but such an error is improbable.
The experiments are being continued with higher

fields H and other superconductors of various di-
arneters.
Mercereau and Vant-Hull' also tried to verify

London's postulate of the quantization of rragnetic
flux in a superconducting ring. The result of their
experiments was negative.
The authors are indebted to Professor %.Meiss-

ner who made possible and promoted this work.
The authors would further like to thank Professor
F. X. Eder for encouragement and helpful discus-
sions.
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EXPERIMENTAL DETECTION OF TRANSITION RADIATION*t

H. Boersch, C. Radeloff, and G. Sauerbrey
I. Physikalisches Institut of the Technische Universitat Berlin, Berlin, Germany

(Received February 17, 1961)

If an electron approaches the boundary between
vacuum and metal, a changing dipole field due to
the electron and its image charge is formed
which, according to the theory of Ginsburg and
Frank, effects the emission of "transition ra-
diation. " In the experiment electrons bombard-
ing a metal surface generate a visible radiation
known as "Lilienfeld radiation. " The results of
the experiments done before this work are, how-
ever, contradictory. ~ Therefore we undertook
to exclude by more careful experiments the in-
fluence of surface contaminations and to com-
pare the experimental Lilienfeld radiation with
the theoretical transition radiation by variation

of different parameters.
Our investigations were carried out at pres-

sures of about 10 mm Hg with massive beat-
able targets and with condensed films of more
than 1 p. thickness. The electron beam was pro-
duced by field emission and pulsed with a fre-
quency of 100 kc/sec. The energy of the elec-
trons was in general 2-12 kev. The intensity
of the Lilienfeld radiation was measured with
a photomultiplier tube and a phase discrimina-
tor. The results of our investigations are as
follows:
(1) The intensity of the Lilienfeld radiation

is independent of the temperature of the target.
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EXPERIMENTAL PROOF OF MAGNETIC FLUX QUANTIZATION IN A SUPERCONDUCTING RING*

H. Doll and M. Nabauer
Kommission fur Tieftemperaturforschung der Bayerischen Akademie der Wissenschaften,

Herrsching/Ammersee, Germany
(Received June 19, 1961)

H = p x (4/md2),y0 (2)

where d is the diameter of the tube. The diameter
has to be chosen sufficiently small that the fluc-
tuations of the earth's magnetic field can be ne-
glected relative to the magnetic field adequate to
freeze in one flux unit. This. has been achieved
with a tube of 10.3-micron diameter and 0.6-mm
length (see Fig. 1), which gives a magnetic field
of H&0=0. 5 oe, according to Eq. (2).
The sample consists of a small lead cylinder,

prepared by evaporating lead on a, quartz fiber
(of about 10-micron diameter and with a length
of about 1 mm).

1I

70

y
FIG. 1. Schematic diagram of the sample with the

directions of the applied field H& to be frozen in, and
the measuring field H .

From theoretical considerations, based on wave
mechanics, London' concluded that the magnetic
flux frozen in in a, twofold-connected superconduct--
ing body (ring or. tube) should not have any arbi-
trary value, but. only such values which are inte-
ger multiples of a basic unit P„

p, = bc/e = 4.12 x 10 gauss cm .
That means the magnetic flux should be quantized.
Bardeen and Schrieffer also agreed with this con-
clusion.
In order to verify a possible flux quantization,

the mechanical torque exerted by a magnetic
field H& on a small superconducting lead tube
with frozen-in magnetic flux has been measured.
From the following equation, one obta, ins the

magnetic field H 0 necessary to freeze in just
one flux unit Q, :

y0

The very small torque, proportional to the fro-
zen-in flux and to the measuring field H& (normal
to H ), can be observed by an already known auto-
resonance method. " The sample is suspended
on a thin torsion fiber (normal to H& and H~) in-
side a coil. In connection with a mirror for re-
cording the oscillation amplitude it represents
a system of damped torsion oscillation. The
oscillation of the system can be kept at a con-
stant amplitude by the alternating torque, caused
by periodically reversing the magnetic field H
of the coil. The oscillating system itself controls
the time of switching the field by means of a, pho-
toelectric device. The damping of the system
being known, the constant resonance amplitude
is a measure for the torque which acts on the
sample.
Each experimental value was obtained in the fol-

lowing manner: 1. The sample was heated above
the transition temperature; then a defined field to
be frozen in, Hy, was applied. 2. After recooling
below the transition temperature, Hy was switched
off. 3. The resonance amplitude was measured
as described above.
The resonance amplitude is proportional to the

product (measuring field H~) times (magnetic mo-
ment of the sample). The latter in turn is propor-
tional to the frozen-in flux. Figure 2 shows the
measured resonance amplitude divided by the
driving field H as a function of the field H . (H
has always been about 10 oe.)
As Fig. 2 shows, it is impossible to freeze in

any flux between H = -0.1 and +0.1 oe. Near +0.1
oe there occur marked steps. Upon increasing the
magnetic field Hy, the frozen-in fluxes remain
nearly constant between 0.1 and 0.3 oe. At 0.3 oe
another step occurs, again followed by a series of
constant values.
This is exactly what is expected of a quantized

magnetic flux in a twofold-connected superconduct-
ing body. If an arbitrary flux could be frozen in,
the relation between magnetic flux and field Hy
would be as shown in Fig. 2 by the dashed line.
This has been obtained by measurements at com-
paratively high fields (H& =10 oe), in which case
the value of one flux unit is already very small
compared with the entire frozen-in flux.
With the microscopically measured diameter of
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4.0—
FIG. 1. (Upper) Trapped flux

in cylinder No. 1 as a function
of magnetic field in which the
cylinder was cooled below the
superconducting transition. tem-
perature. The open circles are
individual data points. The solid
circles represent th, e average
value of all data points at a par-
ticular value of applied field in-
cluding all the points plotted
and additional data which could
not be plotted due to severe over-
lapping of points. Approximately
two hundred data points are rep-
resented. The lines are drawn
at multiples of hc/2e. (Lower)
Net flux in cylinder No. 1 be-
fore turning off the applied field
in which it was cooled as a func-
tion of the applied field. Open
and solid circles have the same
significance as above. The low-
er line is the diamagnetic cali-
bration to which all runs have
been normalized. The other lines
are translated vertically by suc-
cessive steps of hc/2e.
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values 0 and hc/2e represent, we believe, ex-
pected scatter from drift and noise. This scat-
ter has been greatly improved for sample No. 2.
For both samples the data are consistent with
values 0 and hc/2e for the trapped flux as de-
scribed above.
Near the transition to the second and third

steps the fluctuations in the data are greater,
and in addition points lie between the steps.
Some increased scatter is expected since the
absolute fluctuations due to changes in gain and

' vibration amplitude are proportional to the size
of the signal. The points between the steps do
not necessarily indicate trapping of nonintegral
values of flux. Since the observed signal is the
sum of the emf's from coils at the two ends of
the sample, a flux line passing out of the cylin-
der at some point other than the end may pro-
duce different signals in the two coils. The two
ends of the cylinder are not quite identical; so
near the transition region it is probable that the
two ends might trap a different number of units

provides a way of obtaining a truly zero-magnetic-
field region. ) (2) When the applied field exceeds
a certain value, flux is trapped both with the field
on, and after the applied field is turned off. The
amount of this trapped flux within the experi-
mental accuracy of the data is hc/2e.
The amount of trapped flux remains constant

as the applied field is increased until a value
approximately three times that for the initial
trapping is reached, at which point the trapped
flux increases to about twice the original amount.
There appears to be evidence for additional
changes at five and seven times the field for the
first trapping.
Fluctuations in the data are caused by vari-

ations in the zero of the magnetic field, changes
in the gain, vibration amplitude, drift, and ran-
dom noise in the detection system. The approxi-
mately two hundred data points for sample No. 1
were taken over a three-week period during
which the drift and noise were gradually im-
proved. The fluctuations of the data around the
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EXPERIMENTAL EVIDENCE FOR QUANTIZED FLUX IN SUPERCONDUCTING CYLINDERS

Bascom S. Deaver, Jr., and William M. Fairbank
Department of Physics, Stanford University, Stanford, California

(Received June 16, 1961)

We have observed experimentally quantized
values of magnetic flux trapped in hollow super-
conducting cylinders. That such an effect might
occur was originally suggested by London' and
Onsager, ' the predicted unit being hc/e. The
quantized unit we find experimentally is not hc/e,
but hc/2e within experimental error. s
Although the unit of quantized flux is small

(hc/2e =2.07x10 ~gauss cmm), it can be produced
by a magnetic field easily measured and con-
trolled in the laboratory if the area to which it
is confined is sufficiently small. For our sam-
ples, one flux unit corresponds to a magnetic
field of the order of 0.1 gauss. Measurements
were made on two hollow tin cylinders. Cylinder
No. 1 was 0.8 cm long, 2.33 x10 3 cm outside
diameter and 1.33 x10 3 cm inside diameter.
Cylinder No. 2 was 0.9 cm long, 1.64 x10 3 cm
outside diameter and 1,35x10 3 cm inside di-
ameter. These were fabricated by electroplat-
ing tin on a one-centimeter portion of a No. 56
copper wire. The sample, plus protrd. ding wire,
was jacketed for protection and strength with
electroplated copper to an approximate outside
diameter of 8x10 ' cm.
A field-free region (H = 0+ 0.001 gauss) is

prepared using three orthogonal Helmholtz coils.
The tin cylinder is placed in this region and
cooled through the superconducting transition
in the presence of a known applied axial magnetic
field. The net flux in the cylinder is measured
both with the field on and after the field is turned
off. The measurement is made by moving the tin
cylinder up and down one hundred times per sec-
ond with an amplitude of one millimeter and ob-
serving the electrical pickup in two small coils,
each of ten thousand turns, surrounding the ends
of the cylinder. The instrument is similar in
concept to that described by Foner. 4 The induced
emf measures the difference in the flux contained
within the area of the cylinder and that which
would have been in the same area if the cylinder
were absent (or in the normal state). The system
is calibrated by cooling the sample below the
superconducting transition in zero field and ob-
serving the signal from the completely diamag-
netic cylinder when a known magnetic field is
applied. From the value of the field and the meas-
ured cross-section area of the cylinder, the ab-

solute value of the flux for a given signal is cal-
culated.
The diameter of each cylinder was measured

with a microscope equipped with a micrometer
eyepiece. X-ray photographs verified the di-
mensions of the tin cylinder after the application
of the copper jacket. For the purpose of cal-
culating flux, the measured radii of the cylinders
are reduced by 0.6 micron due to an expected
loss of superconducting properties on the sur-
face of the tin in contact with the copper. ' That
this correction was approximately valid is in-
dicated by a 0.2'K decrease in the value of the
transition temperature for the sample No. 2
whose cylindrical walls were 1.5 microns thick,
leaving, we believe, only 0.3 micron of super-
conducting material in the center after allowance
for the effect of the center copper wire and the
outside copper jacket. This is in agreement with
the experimental results on electroplated tin. '
With this adjustment, the area used for the

diamagnetic calibration of cylinder No. 1 is
3.84 x10 cm, and the area of the hole is
1.65x10 cm . For cylinder No. 2 the corres-
ponding quantities are 1.81 x10 ' cm' and 1.70
x10-e cm2.
Data on sample No. 1 are shown in Fig. 1, and

on sample No. 2 in Fig. 2. The diagonal line
through the origin represents the calibration.
It is the signal corresponding to zero flux in the
cylinder and hole in the presence of the applied
field as described above. The experimental
points shown on the graph represent two types of
data for each value of the applied field. The
points on the bottom half of each graph represent
the signal in the presence of the applied field
after cooling through the transition in that field.
The points in the upper half represent the trapped
flux after the field is subsequently reduced to
zero. For each point in the lower curve there
is a corresponding point in the upper curve. The
solid lines represent calculated integral values
of hc/2e.
It can be seen that certain features of the data

are common to both samples. (1) Below a cer-
tain value of applied field, the total cross section
of the cylinder acts as a perfect diamagnet, ex-
cluding all the flux, and no flux is trapped when
the applied field is turned off. (We believe this
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