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ABSTRACT

A low field superconducting shield has been developed and used to
provide stable magnetic fields of less than 107 G, maintained stable for
as long as 6 days. The shield is a superconducting cylinder 91.5 cm long
by 16.5 cm ID, The measured attenuation of externally applied axial field
changes 1s a factor of 31 per shield radius.

The Meissner-effect and zero resistance property of superconductors
has been used in the development of a magnetometer for measuring the ab-
solute value of magnetic fields. This device has been used to measure
fields as small as 2 x 10 G.

A magnetometer utilizing the unique zero resistance and quantized
flux properties of superconductors has been developed and used to measure
magnetic field changes as small as 5 x 107 G.

The dc Josephson tunneling effect has been used to construct (1)
magnetometers with field sensitivity as good as 107”7 G, (2) magnetic grad-
iometers with which field gradients of 10™° G cm have been measured, (3)
linear displacement detectors with which displacements of less than
1500 & have been measured, and (4) a system for measuring static magnetic
susceptibility, which was used to study the time dependence of the Meissner
effect in hollow tin cylinders.
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FOREWORD

This is the final report on Contract NAS 2-2088 between Stanford
Research Institute and the NASA-Ames Research Center (SRI Project PHU-
5093). The research period covered 32 months, from 1 July 1964 to 7 March
1967. The principal investigator was Bascom S, Deaver, Jr. until Septem-
ber 1965. William S. Goree then was appointed principal investigator for
the remaining 18 months of the project. Other participants in the research

program were T. W. Barbee, Jr., H. J. Bradley, F. Chilton, V. W, Hesterman,
and J. Swedlund.
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I INTRODUCTION AND SUMMARY

The general objective of the research program described in this
report was to investigate the application of the unique properties of
superconductors to instruments. The program had three specific objec-
tives: (1) the construction of a superconducting magnetic shield with
room temperature access and the use of this shield for long term stabil-
ity tests of the Ames flux gate magnetometer, (2) the investigation of
the use of superconducting Meissner-effect circuits as absolute reading
magnetometers for measuring magnetic fields as low as 1078 G, (3) the
investigation of the use of superconducting quantized-flux circuits to
measure magnetic fields or field changes as small as 107® G. These
objectives were met as follows:

1. A cylindrical superconducting shield was constructed that was
16.5 cm ID by 91.5 cm long with an 8-cm-diameter room temperature access
coaxial with the shield. Magnetic fields transverse and parallel to the
shield axis could be reduced to less than 107® G at the center of the
shield and maintained stable as long as the shield was superconducting.
The longest test of the shield lasted about six days. During this experi-
ment, two Ames flux gate magnetometersl_s* were tested for long term
stability.

2. The linear field-versus-output voltage of Meissner-type modula-
tors was used as an absolute magnetometer with sensitivities as good as
2 x 107% ¢. Studies were made of the signal-to-noise ratio as a function
of applied magnetic field parallel and perpendicular to the modulator
axis; operating frequency; awmbient temperature at the modulator; and
thermal envircnment, i.e., the effect of different thermal contact between
the modulator and the ligquid helium bath.

3. Numerous quantized-flux circuits were constructed and tested.
The best of these was used to detect magnetic field changes as small as
5 % 1077 G. This work was reported in detail in Midterm Report -
October 1965 and in a published paper.?

We also studied Josephson tunneling Junctions of the type described
by Clarke,5 and constructed magnetometers and magnetic gradiometers using
the direct current characteristics of these devices. A cylindrical cavity
was built to study the alternating current characteristics of the Clarke-
type Josephson Jjunction, although time did not permit completion of this
study.

*¥References are listed at the end of this report.




Progress on this research contract was reported in informal reports
to NASA-Ames:

e August 23, 1965: an interim report covering the long term stability
test of two NASA-Ames flux gate magnetometers.®

e October 1965: a summary of progress made during the first 1k
months of the contract period.” This report is very detailed
and may be considered to supersede all previous reports except
the August 1965 interim report discussed above.

Further results of research performed under this contract were
reported in a paper published in The Review of Scientific Instruments.®
This paper describes all of the work performed on the rotating supercon-
ducting shield and the quantized-flux magnetometers except for the optical
heating experiments, which are presented in Section VII of this report.

The research effort during the last 14 months of the contract has
been devoted primarily to the study of Meissner-effect magnetometers.
However, other very interesting programs have received significant atten-
tion. The research program during this 1lh-month period can be categorized
as follows:

1. Meissner-effect magnetometer.

2. Optical heating experiments with a quantized-flux modulator.
3. Josephson Jjunctions, Clarke slug type.

4. Thermally-flushed lead superconducting shield.

These four topics, plus the magnetic shield and the quantized-flux
magnetometer, are discussed in separate sections of this report. A des-
cription of the Meissner-effect magnetometer and our applications of the
dc Josephson effect is given also in Reference 8.

The next section of this report presents the unique properties of
superconductors that are applicable to this research program. The order
of presentation in the following sections (III through VIII) is the chron-
ological order of the discovery of the property most directly related to
the application. Thus we describe the superconducting magnetic shields
in Sections IIT and IV (zero resistance - 1911), the Meissner magnetometer
in Section V (Meissner effect - 1933), the quantized-flux magnetometer in
Sections VI and VII (quantized magnetic flux - 1961), and finally, the
supercurrent tunneling devices in Section VIII (Josephson effect - 1963).
Section IX presents a summary of conclusions and recommendations based on
the overall research program described in this report.




I1 UNIQUE PROPERTIES OF SUPERCONDUCTORS

Several unique properties of superconductors make them useful for the
measurement and control of magnetic fields. The techniques described here
depend primarily on the following: =zero electrical resistance, the Meis~
sner effect, fluxoild quantization, and supercurrent tunneling.

A. Zero Resistance

The most evident property of the superconducting state is that of
zero resistance, which was noticed by Kamerlingh Onnes in 1911 when he
discovered superconductivity. The resistance to electrical current flow
drops to zero in a fairly narrow region around the transition temperature,

TC. The narrowness of the region of temperature is typical of phase changes,
and in a pure Type I superconductor, the transition is narrower than a
millidegree.

In superconductors that are carrying currents, zero resistance results
in behavior for all frequencies that is analogous to the high frequency
behavior of normal good conductors. The currents are confined to the sur-
face of the sample. Further, zero resistance with Maxwell's equations
implies the exclusion of changes of magnetic flux

OB
dt (1)

within the body of a superconductor.

B. Meissner Effect

An even more general magnetic field exclusion is observed in super-
conductors. The Meissner effect pertains to

E =0 (2)



inside the superconductor. Equations (1) and (2) apply deep within the
body of a superconductor. Near the surface, an exponential decay

|B(z)| = lB(O)]e—Z/K (3)

is observed. 1In Eq. (3), z measures the distance from the surface into

the superconducting sample, and A is the London penetration depth, which

is typically of order 500 . The flux exclusion represented by Eqs. (1

to 3) is the principle behind superconducting magnetic shields. By switch-
ing a superconducting sample back and forth from superconductor to normal,
the flux exclusion of Egs. (1 to 3) can be used to measure magnetic field
strengths.

C. Fluxoid Quantization

.The superconducting state is a macroscopic quantum state. Thus,
classical quantities such as the velocity of the current carriers, the
electrons, are defined in the sense of an expectation value using the wave
function for the superconducting state. Just as in the quantum behavior
of atomic systems, the existence of the wave function implies various
interference effects. One of these interference effects is that of fluxoid
quantization. Quite analogous to the Bohr-Sommerfeld quantization condi-
tion, a superconductor obeys

§(2mvs-2§ A) . dx = nh (4)

—_ —

In Eq. (4), v 1is the superconducting electron velocity, and A is the
electromagnetic vector potential. The electron charge and mass are e and
m, respectively. They appear as 2e and 2m due to the pairing that causes
superconductivity.

In a wide variety of circumstances, one can consider a contour for
this line integral that is deep within the body of a superconducting sample
where v. = 0. The second tprm of the integral is proportional to the mag-
netic ffux,

— — — —_

§X ©dx = FVXX . ds = [B - ds (5)



linking the circuit. In these circumstances then, the magnetic flux is
quantized (flux quantum unit = Qo = he/2e = 2 x 107 G cma).

Flux quantization means that the only possible values of magnetic
flux trapped inside a thick superconducting ring are integral multiples

of hc/2e = 2 x 107 G em®. It is interesting that flux quantization makes
it possible to produce a region in which there is zero magnetic field. 1If

8 hollow superconductiing cylinder is cooled below its transition tempera-
ture in a magnetic field that produces less than half a quantized flux unit
through it, a current is induced in the superconductor to cancel exactly
this flux and produce the lowest quantized state, i.e., zero flux inside
the eylinder. Further, the current flowing in the cylinder is a direct
measure of the flux that initially existed in the cylinder, and the mag-
netic field can be measured without access to the volume occupied by the
field and without motion of the superconductor.

D. Supercurrent Tunneling

Other manifestations of the macroscopic quantum nature of the super-
conducting state, with weakly coupled superconductors, have been used for
a number of ingenious devices for magnetic measurements .” »°

Tunneling characteristics unique to the superconducting state result
when two superconductors are separated by a very thin dielectric layer,
approximately 20 X,or by thin superconducting links. Direct current up
to some critical value will tunnel through this junction without producing
a voltage drop. This supercurrent tunneling is usually referred to as the
dc Josephson effect. For currents somewhat larger than this critical value,
a finite voltage appears, and high frequency current oscillations occur
through the junction., This is the ac Josephson effect. The Josephson
equation hv = 2 eV gives the frequency, v, of these current oscillations
versus the voltage drop, V, across the junction. 1In this equation, e is
the charge of a single electron and h is Planck's constant. Excellent
reviews of these effects are given in References 10 and 11.

The dc Josephson effect has received considerable experimental and
theoretical study over the past few years and shows promise of being useful
as a very sensitive instrument for measuring changes in applied magnetic
field, small currents, and very small voltages. The usefulness of these
junctions can best be understood by considering the equation that deter-
mines the maximum zero voltage current that can be developed across the
tunnel junction.

sin(nmm ¢ /&)
j o

c o ntt & /% (&
j o



From this equation we see that the critical current, I (i.e., the current
for which a voltage first appears) is a periodic functgon of the magnetic
flux, ® , linking the junction between the two superconducting planes with
period proportional to the flux quantum, & . Further, we notice that this
equation for the critical current is analogous to the equation for the
amplitudes of the Fraunhofer diffraction pattern of a single slit optical
diffraction grating. This pattern has a maximum at zero applied field and
successive lower order maxima at integral quantum values of the flux
through the junction.

In principle, a single Josephson junction exhibiting these diffraction
effects can be used as an absolutc magnetomeler, since the critical current
is a maximum for zero applied field linking the junction.

In junctions of rather large cross section area or where high tunneling
currents exist, the tunnel current itself is large enough to influence the
magnetic field within the junction., This effect is analogous to the
Meissner effect and tends to shield part of the junction from external
field changes. Because of this, junctions cannot be made arbitrarily large
to gain enhanced sensitivity.

Several investigators have shown that enhanced sensitivity can be
achieved by connecting two or more Josephson junctions in parallel.9 For
a circuit of two identical junctions connected in parallel, the equation
for the critical current versus magnetic field is

I =

sin(nmw & /& ) nt &
I | S cos A)] (7)
c o (nmm® /%)
j o

¢

O

where ® is the flux through each junction and ® is the total flux linking
the are% between the junctions. From this equation we see the diffraction
pattern given in the previous equation for a single junction multiplied by
a term that is analogous to the interference term of a multiple slit op-
tical interferometer. This interference term modulates the diffraction
effect in a periodic manner where the period is now proportional to the

magnetic flux, 2 linking the area, A, defined by the leads connecting

’
the two junctions. Since;this area between the junctions can be many times
larger (even orders of magnitude larger) than the junction area, the in-
terference period can be much smaller than the diffraction period. Fig-
ure 1 shows an idealized current versus field plot for a double junction
interferometer. We see both the diffraction envelope of a single junction

and the high frequency oscillations due to the interference effect.
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FIG. 1 IDEALIZED CRITICAL TUNNELING CURRENT VERSUS MAGNETIC FIELD
FOR A DOUBLE JOSEPHSON JUNCTION INTERFEROMETER

The magnitude of the flux quantum is 2 x 107’ G em®. Thus if the

area between the parallel junctions is 1l cmg, we see that the interference
period may be as small as 2 x 1077 G. If instrumentation allows resolution
within an interference period, fields considerably smaller than 2 x 1077 G
can be measured. Forgacs and Warnicklz reported sensitivities as good as

2 x 107 G with a double junction magnetometer.



III SUPERCONDUCTING MAGNETIC SHIELD

The superconducting magnetic shield has been described in detail in
the Midterm Report of October 19657 and in a published paper;4 thus only
a8 discussion of the construction and final performance will be given here.

Sensitive devices for measuring low magnetic fields require a test
region in which the magnetic field can be reduced to less than 107 G and
maintained stable for many hours. For this reason, a superconducting mag-
netic shield was congtructed and used with a combination of several tech-
niques to achieve the low field environment. The shield structure is
diagramed in Figure 2. A pair of ferromagnetic shielding cylinders fab-
ricated of Mu-metal were used to reduce the ambient field by a factor of
approximately 100. A coil wound around the inner Mu-metal shield was used
to apply an alternating field to this shield to reduce fields due to per-
manent magnetization.

The superconduciing shicld was thermally isolated from the liquid he-
lium bath so that its tempcrature could be varied slowly through the super-
conducting transition temperature. Provision also was made for rotating
the shield at approximately 1 revolution/sec in order to make use of the
shielding .of transverse fields by the eddy-currents induced in the super-
conducting cylinder as described by Vant-Hull and Mercereau.13 In this
way, the transverse fields were reduced by a factor of 10° to 10°. Finally,
the predominantly axial field inside the superconducting cylinder was
nullified with a superconducting solenoid, which was then switched to the
persistent current mode to maintain time stability of the resulting low
field. A superconducting transformer, connected in series with the per-
sistent current solenoid, was used for applying precise small increments

of magnetic field.

Both superconducting and room temperature devices were to be used in
the low field region; therefore, a Dewar was placed inside the supercon-
ducting solenoid to provide isolation from the liquid helium bath. This
inner Dewar could be filled with liquid helium or maintained at room tem-—
perature.

Special care was used in the selection of nonmagnetic materials for
the construction of the apparatus. The dewars were primarily aluminum
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and fiberglass and required no liquid nitrogen shields.* The vacuum jacket
and support structure for the superconducting shield and solenoid were

also primarily aluminum with beryllium-copper tdbing used for the vacuum
lines from the low temperature region to the room. Nonsuperconducting
cadmium—-zinc solder was used, and joints between beryllium-copper tubing

and aluminum were sealed with indium gaskets, which were not superconducting
alt the shield operatlting temperature.

The superconducting cylinder was a 0.013-cm-thick lead coating on the
surface of a copper cylinder 91.5 cm long by 16.5 cm OD with 0.075-cm-
thick walls. The superconducting solcnoid, 13 cm ID and 60 cm long, was
wound of 0.025-c¢m niobjum wire, The large Dewar, containing the super-
conducting shield, was 20 cm ID by 210 cm long; the inner Dewar provided
an 8-cm-diameter access inside the shield, which was maintained at either
room temperature or liquid helium temperature.

The performance of the magnetic shield was evaluated using a flux
gate magnetomelor? designoed by NASA-Ames Research Center, with which fields
down 1o 107 G could be measured. More than 100 measurements were made of
the field distribution along the axis of the shield system with the super-
conductors in the normal state. When the inner Mu-metal shield had not
been demagnetized for a period of scveral days, the field along the center
l-mcter length of the system was about 1072 G. Immediately after demag-
netizing, by subjecting the shield to alternating fields of approximately
10 G at 60 cycles aund slowly decreasing this applied field to zero over
a period of 100 scconds, the remaining field was found to be between 1074
and 107® G. However, the ficld pattern was not reproducible.

The transition of the lead cylinder into the superconducting state
was found to occur over a temperature interval of 0.01°K as determined by
observing the change in pickup on a sensing coil inside the shield as a
small ac field was applied with a solenoid external to the shield. The
superconducting shield was heated approximately 0.01°K above the transi-
tion interval and then cooled through about 0.04°K over a period of 1 hour
while rotating at the rate of 1 revolution/sec. When the transverse field
measured on the shield axis was 10™° G initially, a final field of approxi-
mately 107° ¢ resulted, indicating an attenuation of 10°. sSimilar atten-—
uations may have resulted for lower initial fields, but we could not measure
fields less than 10™° G during the experiments. The axial magnetic field
was found to be unaltered by the transition of the lead cylinder into the

superconducting state.

* Linde Model CD-217 liquid helium hot-cold well Dewar, non-nitrogen
shielded.

10
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The Ames flux gate magnetometer was used as a null detector by first
reading along one direction, flipping the probe 180 degrees, and averaging
the two readings to determine the zero field; the field at the center of
the shield was reduced to less than 10~ G by a current flowing in the nio-
bium solenoid, which was then switched to its persistent mode. Using
these procedures, fields less than 10°® G could be achieved over the cen-
ter l-cm length of the shield with gradients of approximately 10-® G/cm
over regions up to 30-cm long. The field at the center of the shield was
measured continuously for a period of 150 hours and found not to vary by
an amount detectable with the flux gate probe, i.e., 10® G. During these
measurements, a small temperature sensitivity of the flux gate probe was
discovered; however, when corrections were made for temperature variations,
or when the probe was operated at precisely constant temperature, duplicate
readings were obtained. The fleld at the end of the 150-hour period was
measured under identical temperature conditions and found to be the same
as that mapped at the beginning of the test.

The attenuation of axial magnetic fields was measured by applying a
uniform axial field of 7.0 G with a large solenoid enclosing the outer
helium Dewar. The measurements were made with the niobium solenoid heat
switch on, because if the superconducting wire of the solenoid forms a
persistent circuit, it couples to the external field near its ends and
reduces the effective shield attenuation near the shield center. Fig-
ure 3 shows the measured field differences along the shield axis. A fit
of the data indicates that the field inside the shield is falling as
exp(-3.43Z/R), i1.e., a factor of about 31 per shield radius, where Z is
measured from one end of the shield and R is the shield radius. The at-
tenuation for transverse fields was not measured quantitatively; however,
it was checked qualitatively by applying a transverse field with a small
solenold across the end of the shield and found to be much smaller than
for the axial case.

11
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IV THERMALLY-FLUSHED LEAD SUPERCONDUCTING SHIELD

Many of our experiments with both the quantized-flux and Meissner-
effect magnetometers did not require the large low field superconducting
system described in Section III, which was built to test the Ames magne-
tometers. Instead, a considerably smaller system that would use much less
helium and be more convenient to work with in our experimental studies of
magnetometer performance characteristics was built. It was still necessary
to have a low field, stable environment for the studies, so we constructed
a system suggested by Professor Hildebrandt of the University of Houston.l*
This system is essentially a closed end cylinder fitting inside a glass
helium Dewar as shown in Figure 4. The cylinder is made of very pure lead
welded along one seam wilh a spherical cap welded on one end. The outside
diameter is approximately the same as the inside diameter of the helium
Dewar, with sufficient clearance to allow an easy fit. To produce a low
magnetic field environment, it is necessary to cool the lead cylinder
through its critical temperature in a very slow and uniform fashion starting
at the very bottom of the closed end. Once a small portion of the closed
end becomes superconducting, we have a superconducting-normal interface
propagating from this region upward to the top open end of the cylinder.

If this interface is very narrow and moves slowly and uniformly, the mag-
netic flux within the interface will be continually pushed along and flushed
out of the volume confined by the superconducting cylinder. For this system
to work effectively, the interface dimensions, i.e., the distance from the
point where the lead is totally normal to the point where it is completely
superconducting, must be narrow enough so that large numbers of flux units
are not trapped and thus locked in the volume of the cylinder.

Hildebrandt has reported field reductions of the order of 10° by a

1S In his experiments he normally mounted

thermal cycle as described above.
the lead cylinder inside a Mu-metal magnetic shield so that the ambient
field was approximately 1072 G and the resultant field after the thermal

flush-process was 107 G.

In our experiments wiith a thermal-flushed shield, we were able to
get field reductions of approximately a factor of 10 starting in fields
of 1072 G; several times we obtained a factor of 100 but never any better.
We have since talked with Hildebrandt and learned that the lead used in
his experiment was considerably more pure (99.9999%) than the lead we used
(99.995%), which probably explains the difference in the experimental
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results. The magnetic shielding characteristics of the system were not
affected by this lack of adequate field reduction, and we were still able
to carry out experiments inside the Mu-metal and superconducting shield.
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V MEISSNER-EFFECT MAGNETOMETER

One of the major objectives of the research program described in this
report was to develop an absolute reading magnetometer that does not re-
quire any preliminary calibration such as cool down in a zero field or ro-
tating a pickup coil. Since the magnetic flux excluded by the Meissner
effect is a linear function of the applied magnetic field, we undertook
a detailed investigation of this unique superconducting property and its
application to magnetic field measurement.

Several Mcissner-effect magnetometers had already been used in some
of our preliminary research.? The circuit used in these earlier investi-
gations was developed at Stanford University during experiments to measure
quantized flux in superconductors.16 In this circuit, shown in Figure 5,
colils A and B constitute a closed superconducting circuit; therefore the
total magnetic flux linking this circuit must be constant. If the flux
linking coil A is changed by A% (for example, by removing a magnetized
sample which was initially enclosed by coil A), a current is induced in
the circuit, producing flux changes in A and B whose sum exactly equals
-A®, thus leaving the total flux linking the circuit unchanged. The in-
duced current will persist and is a permanent record of the flux change

Ad in coil A.

HEATER
0O
A B P C
e
M
T0
TA-5093-)

FIG. 5 BASIC SUPERCONDUCTING MAGNETOMETER CIRCUIT
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Operation of the circuit to measure the persistent current, and con-
sequently A®, is as follows: Prior to the flux change to be measured, any
persistent current already present in the circuit AB is eliminated by mo-
mentarily heating a small region of the circuit with heater S, producing
a normal resistance in that part of the circuit and causing the current to
decay to zero, After the heat is removed and AB is again superconducting,
a subsequent flux change, A%, produces a persistent current proportional
to A®%. A solid superconducting modulator, P, inside the pair of concentric
colls, B and C, is cooled below its transition temperature through contact
with a heat sink, T,, and can be raised above its transition temperature
with a heater., When the modulator is in the normal state, the current
flowing in B causes flux to link B and C; when the modulator becomes super-
conducting, part of this flux is expelled from the modulator volume, thus
changing the total flux linking B and C. When the modulator is heated and
cooled periodically, the variation of flux in C produces an alternating
voltage across C linearly proportional to the current in B and thus pro-
portional to the attempted flux change, A$. Detailed circuit analysis ap-
plicable to the Meissner-cffcct and quantized-flux magnetometers is pre-
sented in Appendix A, (Sec Figure 15 in Section VI for a block diagram of
the électronics generally used with these magnetometers.)

The difficulty with the solid post magnetometer circuit proved to be
that the frequency responsc was very low, i.e., limited to about 1 kHz.
This is presumably because of eddy-currcnt damping of the flux motion over
the length of the modulator and, possibly, slow thermal response. The sig-
nal power available from a circuit of this type is proportional to the op-
erating frequency. Thus it is clear that increased output power may be ob-
tained by increasing the operating frequency. To achieve this additional
signal power, we have constructed several Meissner-type modulators that are
heated internally where the thermal path is now the radial thickness of the
modulator rather than its length. The modulator was cast or electroplated
on a coaxial resistive heater as shown in Figure 6 and could be thermally
switched at frequencies as high as 30 kHz.
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A. Construction

Construction of the internally hcated modulators was difficult. From
the circuit analysis prescnted in Appendix A, we see that the signal power
is directly proportional to the volume of superconductor that is switched,
i.e., the amount of magnetic flux that is expelled per cycle. This, plus
the fact that the Meissner effect is not nearly 100% complete, implies that
a large volume of superconductor must be switched at rather high frequen-
cies to obtain adequate signal power at very low fields, i.e., fields of
the order of 107® G. 1In our circuits we generally have used modulators
1.25 mm OD by 0.5 mm ID by 1.7 cm long. These dimensions were arrived at
to facilitate construction by calculating the electrical skin depth of the
modulator material while it is still in the normal state. These calcula-
tions are presented in Appendix B. Evaporation techniques are not suit-
able for depositing heavy metal layers, so casting or electroplating tech-
niques were used to form the superconducting coating. We used 99.995%
pure tin for most of the Miessner-effect modulators.

Construction of the modulator heater was very similar (except for size)
to that of the heaters used with the quantized-flux circuits described in

Section VI. We started with an insulated copper wire, approximately 0.5 mm OD,
then evaporated a copper -gold alloy heating film over the insulation that made
contact to the wire at one end. It was then necessary to cover this copper-

gold film with high temperature insulation so that the thick-walled super-
conducting modulator could be case or electroplated about the cylindrical
heater. After considerable investigation we found a duPont high temperature
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varnish called Pyre-ML that was suitable for dip coating, could be cured
at 300°C, and would withstand temperatures as high as 300°C without dete-
riorating.* To insulate the heating layer, the assembly was immersed into
the varnish and then extracted, using a motor drive, at about 0.1 in./sec.
The assembly was cured at 150°C for 30 minutes and then baked at 300°C in
an argon atmosphere for 10 minutes.

The insulated heater assemblies were then ready for the superconduct-
ing coating. 1If an electroplated modulator was to be used, the heater
assembly was mounted in a vacuum evaporating system on a rotating fixture,
and a thin laycr of the metal to be plated was evaporated over the varnish.
This metal layer was uscd as the cathode in the plating process. To ensure
uniform plating thickness, thc heater assembly was rotated slowly inside a
cylindrical anode during Lhe plating. The plating hath was stannous fluo-
roborate [S (BF,),] solution as described in Refercnce 17. A current re-
versal plating proccdure was uscd to produce more uniform platings. Cur-
rent was on 18 sec and then reversed for 5 sec, etc. Using 6-ma current,
about 5 hours were required to obtain a 0.35-mm wall thickness cylindcer.

The casting fixturec is shown in Figure 7. It is simply a quartz tube
whose ID is the same as the desired modulator OD. The modulator was in-—
serted in this tubce and centered, using small standof s made of masking
tape. A rubber suction bulb was fitted to the upper c¢nd of the tube and
the lower end was dipped into the molten tin bath. Tin was then drawn up
into the tube with the suction bulb to the desired height and allowed to
cool, Generally the slight contraction of the tin on cooling was suffi-
cient to allow casy rcmoval of the modulator from the quartz tube.

Modulator construction was not very reproducible, It was difficult
to control the precise length of the superconducting cylinder and also
to keep the heater wire centered in the casting tube. We were able to
get one symmetlric modulator of the correct length however, and this mod-
ulator was used in most of our cxperimental studies of the Mcissner-
effect magnetometer.

B. Experiments and Results

The purpose of these studies of the Meissner-effect magnetometer was
to determine how the magnetic field sensitivity, frequency response, or

* Information on duPont '"Pyre-M.L." is available from E. I. duPont de
Nemours and Co., Fabrics and Finishes Department, Insulation Sales,
7250 N. Cicero Ave.,, Lincolnwood, Chicago, Il1l. 60646
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signal-to-noise is affected by the magnetic and thermal environment of the
modulator and thereby maximize the sensitivity to magnetic fields.

The thermal environments studied were: (1) the modulator mounted di-
rectly in the liquid helium bath, (2) the modulator mounted in a vacuum
container filled with helium exchange gas and immersed in the liquid helium
bath, (3) the modulator and pickup coil assembly coated with a 0.3-mm layer
of sllicone vacuum grease, and (4) the modulator and pickup coil assembly
mounted in a 3-mm-ID by 4-mm-0D quartz tube filled with silicone vacuum
grease,

The output signal for the modulator mounted directly in the liquid
helium bath had a random low frequency amplitude fluctuation as shown on
Figure 8, This fluctuation was similar in appearance to cryotron noise
observed by Johnson and Chirlian,® which they associated with boiling
liquid helium at the surface of the cryotron. Maximum field resolution
with this modulator was about 8 x 10~® G.

_.The modulator was next mounted in a helium exchange gas environment
to eliminate the possibility of boiling at the modulator. Figure 9 shows
a typical response trace. The low frequency noise was greatly reduced,
but the frequency response also was reduced so increased field resolution
was not obtained.

Next, the modulator was uniformly coated with a 0.3-mm layer of sili-
cone vacuum grease and mounted directly in the liquid helium, Case 3. This
uniform coating over the modulator and pickup coil certainly would prevent
gas bubbles from forming in direct contact with the modulator and should
reduce temperature gradients along the length of the modulator. The cir-
cuit response, field resolution, and noise were identical to Case 1 where
the modulator was mounted directly in the liquid helium bath. This indi-
cates that the silicone vacuum grease is an excellent thermal conductor
and that the low frequency noise probably is due to temperature gradients
at the modulator.

The modulator assembly was mounted in a 3-mm~ID by 4-mm-OD by 4-cm-
long quartz tube that was sealed at both ends to provide further isolation
from the liquid helium bath, Case 4. The circuit response for this case
was almost identical to that for Case 2. The heavy wall quartz tube plus
the space between the modulator and the tube account for this similarity.

These experiments indicate that the magnetometer was sensitive to ther-
mal environment and that a low frequency noise contribution was due to helium
boiling in contact with the modulator. Reducing this low frequency noise by
altering the thermal environment did not measurably improve the magnetic
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field sensitivity. As will be discussed later in this section, transverse
field at the modulator and eddy-current noise appear to limit the sensitiv-
ity much more than does helium boiling.

All of the above thermal environment experiments were conducted in the
Dewar assembly discussed in Section IV. The modulater was mounted with its
axis parallel to the Dewar and shield axis. The ambient magnetic field in
this axial (vertical) direction was measured by determining the applied
field required to null the output signal from the magnetometer. This field
varied from about 10~% to 10~2 G for different experiments. During these
experiments we observed that the signal-to-noise ratio, measured at the null
signal point, seemed to be related to the initial axial field.

The next series of experiments was designed to study the effect of mag-
netic fields on magnetometer sensitivity. The fields, axial and transverse
to the Mu-metal shield, were measured and found to be of the same order of
magnitude for different demagnetization procedures. Further, if we assume
that the thermal-flushing process would reduce these initial fields by ap-
proximately equal amounts, then the transverse field at the modulator
should be of the same order as the initial axial field. Thus, it appeared
that transverse fields may be a significant source of modulator noise or
extraneous signal.

A conclusive experimental test of this assumption was difficult in the
small cryostat due to limited space for coils to control all three field
components. Therefore, the large rotatable superconducting shield was used.
The modulator was mounted as shown in Figure 10. The initial magnetic field
components at the modulator were measured to an accuracy of + 2 x 107 G
using the Ames flux gate magnetometer and were zero parallel to shield axis,.
The maximum field perpendicular to the shield axis was 1.2 x 10"® G. The
perpendicular field also was uniform over the magnetometer dimensions. The
modulator was mounted with its axis along this maximum perpendicular field
and on a fixture that could be rotated by + 150 degrees in a plane at right

angles to the shield axis. The field transverse to the modulator (i.e., along
the shield axis) was controlled with the persistent current niobium solenoid
described in Section III. The field parallel to the modulator was controlled

with a copper wire solenoid wound around the fixture holding the modulator.
The third orthogonal field component was set at approximately zero by rota-
ting the modulator until it pointed in the maximum field direction.

The results of these studies of the effect of fields applied trans-
verse to the modulator axis are shown in Figure 11. It is clear that the
noise is essentially a linear function of transverse field except at very
low fields, i.e., fields low enough to produce only a few flux quanta
through the transverse projected area of the modulator. The scatter of
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points at very low fields probably indicates that the field was not com-
pletely uniform at the modulator, possibly due to magnetic moments of the
magnetometer fixture. Also signals at these low fields were of the same
order as the inherent noise in the detection circuit.

A series of measurements was made of the modulation efficiency versus
heating frequency. For dc heating, the modulation efficiency is directly
proportional to the change in self-inductance of the pickup coil when the
modulator becomes superconducting. If the modulator is perfectly coupled
to the pickup coil, the self-inductance will go to zero when the modulator
becomes superconducting. To measure this coupling or modulation efficiency
at higher frequencies, a 10-kHz field was applied to the modulator-pickup
coil assembly with an external solenoid. The modulator was then switched
with the resistive heater at a lower frequency. The output from the pickup
coil was displayed on an oscilloscope. The signal from the applied field
was amplitude modulated by the superconducting modulator at twice the heat-

ing frequency. The modulation efficiency is then given by (e -e )/e

max min max’
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where €max and ©nin

spectively, of the modulation envelope as shown in Figure 12,

are the maximum and minimum peak-to-peak values, re-
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FIG. 12 MODULATION EFFICIENCY VERSUS OPERATING FREQUENCY
FOR A MEISSNER-EFFECT MODULATOR

It is very important to note that the modulator efficiency measured
in the manner described above is not the same as the efficiency with which
flux is excluded and admitted to the modulator volume by switching in dc
fields. In the measurements as described, we were measuring the change in
inductance of the pickup coil as a function of modulation frequency, and
this depends only on the shape and extent of the outer superconducting
sheath during the switching process, since material inside this sheath is
almost perfectly shielded from the coil., It does not matter how efficiently
magnetic flux has been expelled from the volume inside this sheath. These
data do provide an upper limit on the modulation efficiency expected for
switching in steady fields.

During all of the experimental studies on the Meissner-effect magne-
tometer, we made checks of the dependence of the magnetometer sensitivity
versus bath temperature (down to about 1.5°K) and heating pulse shape. The
bath temperature did not significantly affect modulator performance except
that additional heater power was required as the bath temperature was re-
duced. The heating pulse shapes used were generally sine wave. We tried
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square wave heating on several experiments and, while magnetic field sen-
sitivity was not improved, this method of heating did provide more control
over the heating and cooling cycles. It also provided a measure of the
rise time of the heating and cooling pulses. A scope photograph of the
heating pulse and the magnetometer response using an untuned detection
circuit is shown in Figure 13. The pulse width of the output due to heat-
ing the modulator above its critical temperature is about 0.075 msec,
while the cooling pulse width is about 0.5 msec. Further, the heating
output pulse can be controlled to some extent by changing the amplitude

of the heating signal. The cooling pulse width, on the other hand, is
basically fixed by the modulator geometry (eddy-current paths) and the
thermal environment.

From the above studies of the Meissner-effect magnetometer, we can
conclude that: (1) fields as small as 107° G can be measured; (2) the
major noise source is the eddy-currents in the modulator that impede flux
motion during the transition between the normal to the superconducting
states; (3) additional noise is caused by helium boiling in contact with
the modulator; and (4) signal-to-noisc ratio is a function of the trans-
verse magnetic field at the modulator. Sensitivity to axial fleld changes
usually 1s not better than several orders of magnitude less than the total
transverse field at the modulator.

OUTPUT SIGNAL

HEATER PULSE

"o,

x = 0.5 msec/cm
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FIG. 13 OUTPUT SIGNAL FROM MEISSNER-EFFECT
MAGNETOMETER FOR SQUARE-WAVE HEATING
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VI QUANTIZED-FLUX MAGNETOMETER

The quantized-flux magnetometer has been described in detail in the
Midterm Report - October 19657 and in a published paper, ¢ thus only a brief
discussion of the operating principles and final performance will be given

here.

Quantized flux modulators (which are hollow, thin-walled superconduct-
ing cylinders) have been found to switch in and out of the superconducting
state at frequencies as high as several mega\hertz.lg’20 With this type of
modulator, the voltage across coil C (Figure 5) is a periodic function of
the flux change, A%, as shown in curve (b), Figure 14. When the magnetic
field in coil B, due to the persistent current in the circuit AB, produces
exactly one flux unit (or any integral multiple of one flux unit) through
the hollow superconducting cylinder, no flux change occurs when the cylin-
der is cooled through its superconducting transition. This condition gives
the points of zero output shown on the response curve; however, for other
values of the field, current is induced in the walls of the cylinder as it
becomes superconducting to change the enclosed flux to the nearest quan-
tized value. When the cylinder is cooled in a field producing less than
one~half flux unit within it, a current is induced to oppose the applied
field and produce zero flux inside the cylinder. If the cylinder is
cooled in a field producing slightly more than one-half flux unit, the
induced current produces a field in the same direction as that of the ap-
plied field to change the total flux to one unit inside the loop. This
change gives an output voltage through coil C, opposite in sign to that
of the previous case. The pattern repeats as the applied field is in-
creased, giving an output voltage that is a periodic function of the field
applied to the cylinder and thus of A$, the flux change in coil A,

The idealized response, shown in Figure 14, ignores the Meissner
effect of the walls of the cylinder. In general, the response of the
hollow modulator will be the periodic effect shown in Figure 14, super-
imposed on the linear output due to the Meissner effect of the walls.

An estimate of the signal power, P , available from the circuit, if L, is
a solenoid of length £ and area A,Sis given by

Ps >~ (L/8mM&E (L/A)v, & < 1077 G cm®, (8)
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where § is the flux in L,, and vy is the frequency at which the modulator

is operated. The sensitivity of the measurement can be enhanced by using
the circuit of Figure 5 with coil A replaced by a single loop pickup coil
of large area (Figure 15). This device can be used in two ways: if the
field penetrating the single loop produces less than one-half a flux unit
through the loop (assuming zero field at coil B), then when the supercon-
ducting circuit is completed, a current will flow to expel all the magnetic
flux. A measurement of this current thus constitutes a measurement of the
total magnetic field. If the field produces many flux units through the
loop, there is an uncertainty by the first method, since the current flow-
ing will be proportional to the amount by which the total flux differs

from the nearest integral number of flux units. In principle, one could
use a series of loops of various sizes to determine the absolute field;

in practice, it is simpler to move the pickup loop in the field as with a
standard flip coil, Thus, by rotating the coil 180 degrees, a flux change
in the loop, corresponding to twice the total field along the initial di-
rection, causes a persistent current proportional to that field; a measure-
ment of this current measures the field.

Since the field at the modulator enclosed by coil B (Figure 15)
can be increased from that through the pickup loop by about a factor
(ua /uz) (A, /A;) (where y; and y, are the numbers of turns on the pickup
coil and coil B, respectively, and A, and A; are their areas), a sensi-
tivity of 10™® G per period can be readily obtained. Furthermore, it
is possible to resolve a small fraction of a flux unit; thus very small
fields can be measured.
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Several magnetometer circuits of this quantized-flux type have been
constructed. The superconducting modulator was an indium cylinder 1 cm
long with 40 _, ID and walls about 1 ; thick. It was formed by evaporation
onto a coaxial, heater unit fabricated by evaporating a copper-gold alloy
film onto an insulated copper wire. The film contacted the copper wire
at one end so that current could be passed through the wire and back
through the film, thus producing heat in the resistive film. These modu-
lators normally were switched in and out of the superconducting state at
30 to 40 kH=z.

The pickup coil (Figure 15) consisted of a l-cm-diameter single turn
of 0.005-cm-diameter niobium wire connected to a coil of the same wire
wound about the indium cylinder. The modulator was mounted with its axis
parallel to the plane of the pickup coil and along the rotation axis of
this coil when it was used as a flip coil. The trim coil was used to pro-
duce zero net flux through the modulator when no persistent current was
flowing in the circuit. A superconducting transformer with an externally
tuned secondary was used to match the low impedance output coil (coil C,
Figure 15) to a low noise preamplifier and then to a JB-5 Princeton Ap-
plied Research lock-in detector. A coil N, closely coupled to the pickup
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coil, was used to produce an opposing field charge.so that the device was
used as a null detector where the current flowing in coil N was a measure
of the field.

The response of the magnetometer to a slowly increasing magnetic field
is shown in Figure 16, where both the quantized-flux periodicity and the
average linear variation due to the Meissner effect of the cylinder walls
are evident. The data in Figure 16 indicate a noise limitation of approxi-
mately 5 x 10~7 G.

The operating characteristics and magnetic field sensitivity of the
quantized-flux magnetometer usually become worse after several cycles to
room temperature. We feel that more refined evaporation techniques would
eliminate this problem.
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VII OPTICAL HEATING EXPERIMENTS WITH A QUANTIZED~FLUX MODULATOR

The quantized-flux magnetometer has been described in the previous
section and in References 7 and 4. The superconductor was heated above
and cooled below 1ts transition temperature by passing an alternating
current through a resistive film coaxial with the modulator. The output
signal was at twice the heater frequency since a heating pulse and a
cooling pulse occur twice for every cycle. This minimizes electrical
plckup between the heater and the output signal at the signal frequency,
although any second harmonic content in the heater signal can still cause
noise or background on the modulator output.

We designed an experimental system to test optical heating of the
superconducting film in an attempt to eliminate this source of extraneous
signal. This system, shown schematically in Figure 17, consists essen-
tially of a modulator or superconducting cylinder evaporated onto a quartz
fiber, Light is piped into the cryostat through a quartz light pipe and
impinges on one end of this quartz fiber. The fiber 1is constructed in
the shape of a collimator to collect more light from the light pipe. The
light source is a high intensity arc lamp mounted in the room and focused
by various lenses on the mirror of a Honeywell microgalvanometer.* The gal-
vanometer is of the type used in optical strip-chart recorders. 1Its rated
frequency response can be as high as 15 kHz and possibly higher for very
low amplitude gscillations,

The complete system consists of a chopped light beam passing through
the light pipe into a quartz tube onto which the modulator is evaporated.
The light is absorbed by the modulator, which heats the superconductor
above its transition temperature. In this system, direct coupling of the
heater supply current to the modulator output circuit is avoided completely.

We constructed several superconducting modulators evaporated on quartz
and tried this optical modulation experiment numerous times. All of the
experiments were unsuccessful because the evaporated film on the quartz
fiber would not become superconducting. Careful inspection of the modulator
under a microscope showed numerous hairline cracks running axially

* Honeywell, Denver Division, 4800 E. Dry Creek Road, Denver, Colorado
80217.
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and circumferentially through the modulator material, We since have learned

that these cracks are formed by thermal etching.zl This process occurs
when a material is deposited onto a hot surface. The etching effectively
opened the modulator along the generator in numerous places; thus the only
effect of switching was the Meissner effect due to flux being expelled from
the walls. The walls were extremely thin, and we did not have sufficient
sensitivity in our circuit to see this Meissner-effect signal.

Our hypothesis of thermal etching has been confirmed recently by fur-
ther experiments at Stanford University, where superconducting modulators
have been made successfully on quartz fibers.22 In this case, the deposi-
tion procedure was designed very carefully to prevent overheating of the
quartz during evaporation. The boat that contained the metal being evap-
orated was optically shielded, with room temperature shields placed between
the boat and the modulator except for a small hole through which the evap-
orated metal could pass. Further, the modulator was mounted on a movable
fixture so that it could be rotated over the evaporation boat for a few
seconds, moved away and allowed to cool, then returned--with this process
continuing until a sufficient superconductor thickness was built up. The
modulators constructed at Stanford University still were electrically
heated, having an electrical resistive film deposited before the supercon-
ducting film.

During our attempts to construct an optically heated modulator circuit,
we tested several dry tantalum capacitors (Sprague type 150D*) at liquid
helium temperatures. We anticipated using these to tune the output circuit
of the modulator at liquid helium temperatures, thereby increasing the Q
of the circuit. 1Ibp general, the capacitance dropped to about one-sixth
its room temperature value, and the power dissipation increased by an order
of magnitude when the capacitor was cooled to liquid helium temperatures.

We tried these capacitors because of the very large capacitance available

in a small physical size. We now understand that other types of capacitors,
such as the tantalum—mylar capacitor, work very well at helium temperatures
with no significant change in capacitance or dielectric loss. These were
not studied in our experiments.

* Sprague Products Company, 99 Marshall Street, North Adams, Mass.
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VIII APPLICATIONS OF THE dc JOSEPHSON EFFECT*

A brief discussion of the theory of Josephson junctions was given in
Section II. We now consider several techniques for constructing junctions
and describe five device applications of these junctions.

The first Josephson junctions were built by evaporating a supercon-
ducting ground plane, covering this with an evaporated dielectric layer,
and evaporating another superconductor onto the dielectric. These circuits
were very difficult to build because the dielectric layer between super-
conductors had to be 10 or 20 & thick with few or no pinholes that would
allow the two superconducting layers to make direct contact. Due to the
construction difficulties with circuits of this nature, we initially con-
sidered the Josephson effect to be an impractical method for constructing
a useful magnetometer for field application. Recently, several develop-
ments in construction technique have changed considerably the complexity
of building reproducible, stable Josephson junctions. The first was a
technique developed at the Ford Scientific Laboratory called the point

contact Josephson junction.aa

This consists essentially of a superconduc-
ting ground plane that is allowed to oxidize slightly; a sharp pointed
superconductor then is pressed into this ground plane at helium tempera-
tures until the proper tunneling characteristics are observed. This
junction is probably a weak link tunnel where there is physical contact

between superconductors but over a very small cross section area.

Another and even simpler Josephson junction can be built by a tech-
nique described by Clarke.® This technique consists of taking a small
diameter superconducting wire, such as tantalum or niobium, allowing the
surface to oxidize to a depth of approximately 20 %, and then casting a
"glob" of radio solder about the wire. The solder is superconducting as
is the core of the wire, and the oxide layer on the surface of the wire
forms the junction dielectric. Figure 18 is a schematic diagram of a
typical tunneling junction built in this manner. The characteristics of

* The applications of the dc Josephson effect described in this section
were given in a paper presented at the International Conference on ’
Cryogenic Engineering in Kyoto, Japan, during April 1967.%
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the junction are measured by passing a current through the niobium wire,
across the dielectric barrier, and then through the solder. The voltage
is then measured across the dielectric barrier. This junction has several
distinct advantages over planar evaporated junctions of the type discussed
earlier,

[ e

VA,
7

NIOBIUM
WIRE 50u EIAEYLEERCTRIC
Pb-Sn EUTECTIC (20~1008&)
SOLDER BALL
{(5mm dio) Ta-8093_ 77

FIG. 18 CONSTRUCTION OF A SLUG TYPE
JOSEPHSON JUNCTION

The first advantage of the Clarke junction is that the magnetic field
linking the dielectric barrier is controlled by varying the current that
passes directly through the superconducting center wire. This current
produces a circumferential field that links the area between the two super-
conductors. A second advantage is that the solder glob tends to shield
the dielectric barrier from external field changes.

Clarke® has given a very complete description of the use of this cir-
cuit to measure voltages of the order of 107 vdc and magnetic fields of
approximately 107% 6. we repeated the experiments that Clarke reported
and found that it is quite easy to build circuits that would give the same

results.

The de.ailed characteristics of juactions of this type are not yet
well understood because the nature of the junction is very complicated,
possibly consisting of numerous weak links through the dielectric barrier.
In many of our experiments, we did observe interference effects that
seem to indicate that the junction actually divided into two junctions
separated by a length approximately equal to the length of the wire covered
by the solder glob, thus giving fairly high resolution interference pat-
terns. By resolving a small fraction of one of these interference patterns,
we were able to measure currents of less than 107’ amp through the 107 8-

henry inductance of the center wire.
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We have used this Clarke slug tunneling junction in the following
five experimental systems:

1,

2.

CLOSED SINGLE TURN LOOP OF
2mil OD NIOBIUM WIRE. THE
"SLUG" IS CAST AROUND A SEC-
TION OF THE WIRE WHERE THE
INSULATION HAS BEEN REMOVED. SLUG—
NIOBIUM OXIDE FORMS THE TUN-

A low impedance ammeter as discussed above.

A magnetometer for measuring changes in magnetic field (Figure 19).
Field changes of less than 5 x 10~7 G were easily resolved with
this device.

X~y HEWLETT-PACKARD
RECORDER OSCILLATOR
]
L \2ea/ ISOLATION
PAR JB-5 LOCK-IN oy TRANSFORMER
DETECTOR

KEITHLEY 103A
PREAMPLIFIER

RAMP GENERATOR

NELING DIELECTRIC. THE SLUG
1S MADE OF TIN-LEAD RADIO SOLDER.
FIELD COIL

3.

TA-5093-65

FIG. 19 JOSEPHSON JUNCTION MAGNETOMETER

A magnetic field gradiometer (Figure 20), which consists of two
one-turn circular loops approximately 5 cm in diameter, wound

in opposite directions on a form. The loops are in parallel
planes and separated by about 20 cm. They,are connected with
0.05-mm-diameter niobium wire, and a tunneling junction is cast
on one of these connecting wires. A field:change common to both
loops does not produce any net flux change through the closed
superconducting circuit since the loops are'counterwound. A
field gradient, on the other hand, does produce a net flux change
through the circuit, which causes a persistent current to flow.
A measure of this current, using the slug detector, is then a
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4.

measure of the field difference between the two loops. This cir-
cuit only measures the changes in field gradient that occur after
the circuit becomes superconducting. Field gradients of less than
10-El G cm have been measured with this system.

Sey

oM DETECTOR
2 5LU6
3
‘ !
N
y/;
N
TA-5093-6

FIG. 20 JOSEPHSON JUNCTION
MAGNETIC GRADIOMETER

A displacement measuring instrument (Figure 21), which is simply
a magnetic piston (a superconducting tin bar in our experiment)
that is inserted into a closed superconducting loop connected in
series with a slug-type Josephson junction. Movement of the mag-
netic piston produces an attempted flux change through the closed
loop, which causes a persistent current to flow. This current

is a function of the piston displacement and the applied magnetic
field. The slug is used to measure this current, calibrated in
terms of the linear displacement of the magnetic piston. Pre-
liminary experiments have proved that the technique is feasible
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and that displacements of less than 1,500 2 can be measured
easlly. In these experiments, the sensitivity was limited only
by the resolution of the method used to move the magnetic piston,
and we expect that much better sensitivity can be realized.

DISPLACEMENT TIN POST
AND 1.25cm dia

EXTERNAL
FIELD

I

é SLUG
HEATER DETECTOR
CLOSED

SUPERCONDUCTING v
LOOP

TA-5093-60b

FIG. 21 JOSEPHSON JUNCTION
DISPLACEMENT INDICATOR

5. A very sensitive system for measuring the static magnetic sus-—
ceptibility of samples at liquid helium temperatures. This
system is very similar to the displacement measuring system
described above. The one-turn coil of the displacement measuring
system is replaced by a long solenoid that will couple efficiently
to the entire sample. The sample is inserted in the coil while
a heat switch keeps part of the coil above its critical tempera-
ture and the desired external field is applied. The coil then is
returned to the superconducting state, and the sample is removed
completely from the coil so that no flux from the sample can
couple to the coil. The total current induced in the coil,
measured with the Josephson junction, is directly proportional
to the magnetic susceptibility of the sample.

The above circuit (item 5) has been used in preliminary experiments
to study both the Meissner effect and the time dependence of the flux
motion in the heavy wall Meissner modulators used in our magnetometer
experiments. In these experiments, the modulator was mounted inside a
snugly fitting pickup coil and, instead of moving the modulator physically
into and out of the coil, we cycled it above and below its transition tem-
perature with direct current passing through the resistive film heater.
One objective of these experiments was to determine if the Meissner effect
was exactly reproducible from cycle to cycle, but the system was not sensi-
tive enough to measure the Meissner effect at very low field levels where
fluctuations are most likely to occur.
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We were also interesied in determining the time dependence of this
flux exclusion process. The sensitivity of our system was not adequate
to detect individual {lux guanta, although minor refinements (both in the
coupling to the sample and the electronic readout equipment) should make
Lthis possible. The time response of the system was limited to about
0.1 second by the delectltor, and a pen recorder was used to record the
signal from the tunneling junction. We observed that the superconducting-
to-normal transition of the modulator occurred considerably fasler than
Lhis time constant, while Lhe normal-to-superconducting transition occurred
in times varying from 1 to 10 seconds, depending on the field at the modu-
lator.

Figure 22 shows a typical normal-to-superconducting, superconducting-
to-normal transition plot (aken with this system. These time measurements
of Lhe normal-to-superconducting transition are in very good agreement with
the work of DeSorbu,24 where the normal-to-superconducting transition was
studied using magneto-optic techniques.

40




187

OUTPUT FROM JOSEPHSON DETECTOR -— arbitrary units

/SUPERCONDUCTING CUPERCONDUCTING
\HEAT SWITCH HEAT SWITCH
TURNED ON TURNED OFF
<NORML\L
F—
2 seconds
TIME — seconds

FIG. 22 SUPERCONDUCTING TRANSITIONS OF A MEISSNER MODULATOR

To - 5093- 62



IX CONCLUSIONS AND RECOMMENDATIONS

During our research program, we discovered better, easier, or more
logical ways to achieve the stated objectives. Thus this chapter is de-
voted to the results of our research and recommendations for experimental
investigations that would increase understanding of the superconducting
devices studied. ’

A. Magnetic Shield

The superconducting magnetic shield described in Section III was
studied extensively during the many experiments in which it was used, 1In
general, the shield was completely satisfactory for its designed purpose,
i,e., providing a stable low magnetic field environment for magnetometer
tests. During these tests, we conceived several ideas for a new shield
that would reduce the helium boil-off rate of the shield assembly and make
construction easier. We recommend the latter design over the one we built
in this research (see Section III).

The new shield design is shown in Figure 23, Helium boil-off rate
could be reduced from 1 liter/hour to less than 1 liter/day. The signif-
icant features of this design are: (1) all components are placed in the
same vacuum space so that heat leaks are minimized, (2) all low tempera-
ture demountable vacuum seals are eliminated, and (3) the room temperature
access can pass completely through the shield Dewar. The detailed place-
ment of components shown in Figure 23 is for illustrative purposes only.
Such features as efficient use of the cold helium boil-off vapor, radia-
tion shielding, transfer lines, possible omission of the liquid nitrogen
shield, etc., were not considered in this preliminary design suggestion.

B. Meissner-Effect and Quantized-Flux Magnetometers

The quantized-flux and Meissner-effect magnetometers could be used
to resolve magnetic field changes of the order of 10°® G. The resolution
was limited by noise from the superconducting modulator that was due, as
indicated by the experiments discussed in Sections V and VI, primarily to
the thermal and magnetic environment at the modulator. From our studies
of the Meissner-effect modulator, we can conclude (for cylindrical modu-
lators at least) that the resolution of axial magnetic fields is limited
by the transverse field at the modulator.
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Our studies also indicated that all of the noise observed was related
to switching the modulalor between the normal and superconducting state.
Theroefore, we recommend that further rescarch on Meissner-effect or
guantized-flux devices should have as once of its major objectives a de-
tailed study of noise inherent to the intermediate state of superconduc-
tors., It is difficull to c¢valuale the applications of these devices with-
out additional information about this intrinsic noise.

The following discussion describes several techniques that may im-
prove modulator performance and that would be useful in studying the noise
problems discussed above. These studics were not made during this research
projcect because of the extreme dif{ficulty in obtaining reproducible results
with the c¢yvlindrical modulators investigated. We now feel that enough has
been learned about the dependence of the modulator output on the thermal
and magnetic cnvironmen! that these suggested extensions of the research

would be both practical and informative.

The magnetomceloer circuits (Meissner effect and quantized flux) exhib-

ited very similar charucleristics and can be dealt with together. Magne-
tometor pervformance probably could be improved if the operating frequency
could be increascd withoul decreasing the modulation efficiency or in-
creasing the noisce, Calculations and our experiments have indicated that
the modulation efficiency is most seriously reduced by thermal considera-
tions and cddy-current flux-motion phenomena. The thermal problems are
(1) optimizing thce thermal relaxation time of the modulator material,
(2) reducing the thermal impedance between the modulator and the temper-
ature sink (usually the liquid helium bath), and (3) eliminating temper-
ature gradients or fluctuations at the modulator. This particularly ap-
plies to bubblce formation at the surface of the modulator.

The thermal relaxation time is related closely to the eddy-current
damping, 1.c., most matcrials with high thermal conductivity leading to
short thermal relaxations times also have high normal state electrical
conductivity, which results in reduced modulation efficiency. A study of
alloys and modulator gcomectries, other than cylindrical ones, may result
in overall improvemeni of these two effects.

A technique that may improve the modulation efficiency and reduce
temperature fluctuations due to boiling, etc., is shown in Figure 24.
The modulator is cooled from the inside out by conduction along the cen-
ter copper wire, thereby maximizing the amount of flux excluded per cycle.
The probable difficulty with this method of cooling is that eddy-current
damping in the center copper wire plus thermal response would limit the
operating frequency as discussed below.
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FIG. 24 COOLING OF THE MEISSNER-EFFECT MAGNETOMETER
FROM THE INSIDE OUT

It should be rcalizced that the copper wire that forms the center
heater conductor of our modulators also introduces eddy-current damping.
The skin depth for copper at 1.2°K and 10 kHz is only about 0.06 mm, so
this cffectl is not negligible. The copper wire may be replaced with a
dicleciric such as quartz; the heater would then be cvaporated on the
quar{z, insulated, and the¢ modulator constructed as before. In future
work, tlhis tcechnique should be investigated,

The eddy-currcent {lux-motion problem scems to set the most serious
limitations on modulutor pcerformance. This is especially true for the
Mcissner-Lype modulators, As discussed in Section VIII, the transition
from normal to supcrconducting for a tin cylindrical modulator may take
as long as several scconds.

The best way to solve the thermal impedance problem may be to use a
modulator material whose critical temperature is less than the lambda
point of liquid helium. Thus no boiling would occur, the uniform tem-
peratures would be much casier to achieve. The quantized-flux modulator
could be constructed of a very thin aluminum film whose critical temper-
ature can be controlled in the range from about 1.2 to 2°K.

The critical tempcrature of bulk aluminum is 1.2°K; it is a difficult
material to use in the Mcissncr-effect modulators due to the problem of
maintaining this low tempcrature. 1In fact, there is no obvious choice of
Meissner modulator material with a critical temperature less than 2.17°K
(lambda point of He?) that also exhibits an appreciable Meissner effect.

From the work of DeSorbo,24 we conclude that the normal-state eddy-
currents provide the major impedence to flux motion. We have considered
several modulator gcometries that should reduce the eddy-currents. The
simplest geometry is a cylinder with several axial slits through its
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walls. We attempted to cast one modulator with these axlal slits but were
unable to get the individual Buperconducting strips to bond to the modu-
lator heater.

Another, and probably better, geometry would be multiple plane layers
of superconductors, insulators, etc,, bullt up to give a sufficient volume
of superconducting material. A modulator of this type also would have a
larger surface~to-volume ratio, possibly giving faster thermal response.

C. Josephson Junetion Devices

In our opinion, the point contact and Clarke slug Josephson junctions
are the most promising superconducting elements for general device develop-
ment. These junctions work even after repeated cycling to room temperature
in contrast to evaporated Junctions, which generally do not survive & sin-
gle temperature cycle. The junction characteristics often change after
the junction has been cycled to room temperature, and this lack of stabil-
ity is one of the major problems to be solved before tunnel junctions can
be used in instrument development,

The superconducting tunnel junction operates without thermal cycling
and therefore does not suffer from the intermediate state noise 1like that
observed with the Meissner-effect and quantized-flux modulators. This is
not to say that Josephson junctions are noise free. The tunnel junction
is analogous 1in many ways to a Type II superconductor and would probably
exhibit noise due to flux motion and temperature fluctuations. Several
theoretical studies of shot noise in tunnel junctions have been reported
recently,25 but so far one cannot predict the magnitude of the noise
spectrum.

We recommend a serious research effort to understand the noise in
Josephson junctions and to understand how to make junctions with stable,
reproducible, and predictable characteristics. These studies could have
profound impact on the applications of superconductivity to instruments
such as magnetometers with sensitivities as good as 107*2 G and volt-
meters as sensitive as 107'% vdc.
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Appendix A

MAGNETOMETER CIRCUIT ANALYSIS

The equivalent circuit diagram of the superconducting magnetometer
is shown in Figure A-1. The modulator is represented by a time varying
inductance, L(t), of thé pickup winding, an emf generator, e;, and the
inductance, L , and resistance, R , experienced by the eddy currents in
the modulator core when it is normal. (When the modulator core is super-
conducting, these eddy currents are replaced by superconducting shielding
currents, which are taken into account by the bulk susceptibility, X, of
the modulator core.) The emf, e, is equal to N3, where § is the time
derivative of the flux switched in and out of the modulator by the heating
and cooling of the core. The flux generated in the pickup winding by the
current, ¢, is not included in $ but is taken into account by the induc-
tance, L. The resistance, Ry, is introduced into the magnetometer to
prevent persistent currents in the primary. It is typically much smaller
than w(L+l;), e.g., around 107® Q. The transformer, which is entirely
superconducting, provides impedance matching between the low impedance
modulator and the high impedance of the preamplifier that amplifies eg
prior to the lock-in detector. (The preamplifier and lock-in detector
are not shown in Figure A-1.) The resistance, Ry (typically of the order
of 0.05 Q) is the resistance of the leads coming out of the cryostat. The
capacitor, C, was at room temperature but could be placed in the liquid
helium bath so that Rz could be reduced to zero if desired. The resistance,
RL, is the input resistance of the preamplifier.

The circuit analysis to be given contains two major approximations
for the sake of simplification; first, the eddy currents in the modulator
core are not included; and second, the inductance, L(t), is assumed con-
stant. The quality of these approximations has not yet been determined.
It is important that this be done in the future. The second approximation
eliminates an emf term, ; dL/dt, and holds constant the coefficient, L,
in the inductive voltage drop, L dz/dt. These terms, which come from the
time derivative of (Li), would greatly complicate the analysis because of
their nonlinear character. Most of the experimental data of this report
were taken for modulation frequencies in excess of 1 kHz, for which the
amplitude of modulation was less than 1%. Under this condition, the per-
centage variation in L would also be small, and L in the term L de/dt will
be very nearly constant. The other term, ; dL/dt, also decreases with the
percent modulation; however, the desired signal, N&, decreases for the
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same reason, Therefore, this linear analysis is only a crude approxima-
tion but is used for determining the values of the circuit quantities for
lack of anything hetter.

The general method of optimization will be to compute e; in terms of
all the ocircuit quantities, determine the value of c3 for proper tuning,
and then maximize ey as a function of I, and Ig. It will be assumed that
R, Rg, and are fixed by other considerations, although their effect
on ey can be examined from the equations to be derived. The voltage gen-
erator, ey, 1s assumed to be known and its value computed later as a
function of the B field to be measured by the magnetometer. The waveform
of ey (t) 18 not necessarily sinusoidal; however, the high-Q output circuit
will amplify only the fundamental Fourier component. Therefore, the funda-
mental Fourier coefficlent will be introduced when e; is computed. For
the purpose of analysis, the rms values of e and ey, E; and Eo, will be
used, The circuit can now be redrawn as shown in Figure A-2(a). The primary
is next reflected into the secondary circuit to obtain the circuit of Fig-
ure A-2(b). The reflected quantities are given by:ae

/ ~jWE, M
B = A-1)
LT R+ Jw(lily) ¢
2 3
‘ Rf + WS(L'*‘LJ.)
Ci = A-2
1 U)4 ME (L—l—I.q_) ( )
Yy (A-3)
TR 4 of (LD )°
Since Ry << w(l+ly) for the case being considered, we can write
} ~ME
= ——— A-4
Ey L+ 1 ( )
L +
¢ = ) (A-5)

R = ——Rlﬁs (A-6)
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The values of C{ and RL are given by

1+ Qi
Ca = Ca —7—

(A-7)
R

(A-8)
where QL = wcanL.
write

Since QL >> 1 for the case being considered, we can

(A-9)

(A-10)
The circuit can

now be reduced to that of Figure A-2(c), where

R = By M + Rg + L
= WL ) Ei

(A-11)

(A-12)
Cz
+ Cz (oF M /L+L))

=

(A-13)
The current, Iz, is given by

Ip = ME,
? 7 (Ll ) (Rejule [-5/0C])

(A-14)
which is a maximum when the tuning condition

wlp =

&I~

is satisfied.

(A-15)

50



The value of C3 required to maintain tuning can be obtained from
Eqs. (A-15) and (A-13) to obtain

1
G = FL(-¥L /L ) (4-16)

where M has been replaced by k‘Jqug; k being the coupling coefficient of
the transformer (0 < k < 1).

For C3 tuned, Iz can be written as

_ -ME, -
s = RLg) (A-17)

Eo 18 then given by

_ oliz -
Ec = . (A-18)
or
o JME, -
Eo = RCs ( Y (A-19)

where j = V—l,'i.e., Eo 1s 90 degrees out of phase with E; .

The total circuit Q can be defined as

1 [1)) 2
= = 1-LK Ly /L+L; A-20
Q= e —LQR (1-[K°Ly /L+Ig 1) ( )
so that Eo becomes
JME; Q
= A- 1
Eo L+ I (A-21)

Note that Ep varies linearly with Q. If the circuit is not tuned (i.e.,
the capacity is eliminated), then Q in Eq. (A-21) can be replaced by 1.

The effect of tuning is to amplify the output by a factor Q as might be

expected.
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The power output, E%/R can be maximized by maximizing E;, since R
has been included in the derivation of E; and is treated as constant.
We now maximize Ep; with respect to Ig by writing Q of Eq. (A-21) in terms
of 1g by using Eq. (A~20), using the relation M = k'JiETE, and by noting
that RM /(L+Lg)® << Ry for the circuit being considered here
(RM/(I+12)° = 0.04 Ry ]. Equation (A-11) then becomes

e.9
R = Rg (1 + 9%?-%3‘—) (A-22)
L
where 2
h o= (1 - L—k:-l-“i:) (A-23)

Thus Eg; becomes

1
JE kRLLl/ 2 L%
o = wh(L+Ia)([RaRL/wzh2 +12) (A-24)
This is of the form
__— _-‘_gbLZB (A-25)
° T 4+ 13

The maximumn found by setting J3Eo/dlg = 0 is
3R2RL
= A-26
Lo \/ oh ( )

This optimum value for Ig results in a Q given by

wES 7
Q=7 ’_R; (A-27)

an R given by R = 4Rz, and an output voltage given by
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1
JEy kLl/a R94 3%4

[

Eo = 9* (A-28)

py
/!
2h 2R24

4(Lt+1q )W

We can now optimize Ep with respect to I by:using Eq. (A-23) for h,
setting OEo/dly equal to zero, and solving for I, . - We obtain

I; = LNV1-K® (A-29)

which is plotted in Figure A-3. Using this optimum value for L, , we obtain

and 9,
JEL k(3R ) 4

Y 1 1
ar/20/2R]4 (14 V1)

(A-30)

If the value of Q given by Eq. (A-27) is too high from a circuit stability
viewpoint, Rg can be increased to hold Q fixed at the maximum tolerable
value. The optimization of Eg with respect to L, using Eq. (A-21) and

M = k VI;Ig, then becomes

I, = L (A-31)

Equation (A-29) gives nearly this same value for L if k 2‘0.5 as shown
in Figure A-3. For this type of optimum I, , we obtain

i E; ki
Eo = J—Elz-—Q Vig /L (A-32)

The input voltage, e, can be written as

e; = N& = NBA, (A-33)

where A is the effective normal area of the modulator core and B is the
magnetic field being measured by the magnetometer. This assumes that the
modulator length to diameter ratio is large enough to make the demagneti-
zation factor nearly zero. The area, A, is given by
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= A°[1+max(t)] (A~-34)

where A0 is the area of the pickup winding, a = A /A , where Am is the
area of the modulator core, m is a factor (0 < m < 1), which accounts for
the Meissner ratio and the hole of the core if there 18 one, and x(t) is
the average effective susceptibility of the modulator core., The thermal
modulation causes ¥ to vary between O and -1 as the core goes from the
normal to the superoconducting state. The voltage, e, , then becomes

o = NBMAm)'( (A-35)
The fundamental of % can be written as
% = Wby cos wt, (A-38)

where b; 1s the fundamental Fourler coefficient. E; then becomes

-NBmA_wb, J
B, = ——— (A-37)
vz

The inductance I, in MKS units is given approximately as

HoNaAc

L — (A-38)

where 4 is the length of the pickup winding. The approximation here
assumes that L is the inductance of the pickup winding when it is normal.
Actually, an average value somewhat less than this could be used.

Using these equations for E; and L and Eq. (A-30) for Ey, we obtain
1
BMaA/a /ablk,@ (3R )94

Eo = (A-39)
avV?2 R; /s /2(1+\/1 -K°)
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The output power, E%/RL, is then given by

PEBBfVK (A-40)
Mo .
where
3R
1 L
Q = a\ re (A-27)

V = AmZ = volume of modulator core

f = w/2Tl
27 abj kK°
K = (A-41)

41+ V1-¥)

Note that N has been canceled. This means that N is arbitrary and can be
chosen on the basis of practical considerations such as the size and shape
of the wire cross section for maximum coupling to the modulator core.
Equation (A-40) states that the maximum power obtainable from the circuit
of Figure A-2 is proportional to the field energy in the volume of the
modulator core times Q times the frequency with which this field is switched
in and out of the core. The power is proportional to the circuit Q because
the resistance associated with the source of e3 is very nearly zero. This
means that we have a voltage generator, e;, with an unlimited source of
power. Therefore, as Q is increased, the output power increases, and more
power 1is removed from the source of e; . This power comes from the heater
current supply that switches the superconducting modulator. The numerical
value of K in Eq. (A-41) is not to be trusted because of the approximation
that L(t) is constant. ’

The actual design of the circuit can now be made as follows:

1. Choose a preamplifier with high input resistance because Ep in
Eq. (A-30) increases with RL.

2. Make Ry << Rp (L+Ly )°/M° so that it contributes little to circuit
loss [see Eq. (A-11)].
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3. Make Rg as small as possible, except do not allow Q from Eq.(A-27)
to become too large for good circuit stability. If necessary, C
can be placed in the liquid helium bath and Rz made very small.

4. Choose N convenient for obtaining good coupling to the flux in
the modulator core.

5. Choose a modulator size. This is not stralghtforward since the
maximum frequency of modulation is related to the size of the
modulator, This then fixes L.

6. Make I, = L [see Egs. (A-29) and (A-31)].

7. Choose w as high as possible to obtain a 81gn1ficant percentage
modulation. Note that Eq. (A-39) contains w/a in the numerator.

8. Choose k = 0.9, an easily obtainable value for a transformer made
of close fitting solenoidal windings. Note that as k approaches
unity, both Lg and L; (for maximum output voltage) go to infinity,
Therefore, it is not advantageous to make k greater than about
0.9.

9. Compute ILg from Eq. (A-26),

10. Compute Cg from Eq. (A-16).

It must be reiterated that this analysis makes two crude approxima-
tions that have not yet been evaluated, i.e., the eddy-currents in the

modulator core are not included, and the inductance, L(t), is assumed
constant,
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Appendix B

CALCULATIONS OF SKIN DEPTH AND THERMAL RELAXATION TIME
FOR SUPERCONDUCTING MODULATORS

The electrical skin depth,27 §, in millimeters is given by

0-3
6 = B (51>
(o]

where uo = 4T x 10”7 henrys/m
¢ = electrical conductivity = 1/p
p = electrical resistivity
w= 271t
f = frequency in Hz

S, 8 = 0.56 p/uot (B-2)

The calculations were done for f = 10,000 Hz for tin, indium, mercury,
lead, and copper. The electrical resistivity just above the critical
temperature was used in all cases. The resistivity at 4.2°K was used
for copper. Table B-1 gives the results of the skin depth calculation,

Table B-1

ELECTRICAL SKIN DEPTH
AT A FREQUENCY OF 10,000 Hz

Electrical Electrical
Resistivity, p Skin Depth, §
Material (Cm) (mm)
Tin 11.5 x 107*° 0.169
Indium 1.7 x 10°t° 0.026
Mercury .. . 5.3 x 107*° 0.115
Lead 1.6 x 10°*° 0.063
Copper 1.7 x 10°*° 0.065
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The thermal relaxation time for the superconducting modulators has

been approximated by calculating the time constant in the heat diffusion
equation

Q@ = expl-A(K/cpt®) ] (B-3)

for the modulator material in the normal state just above the critical
temperature., In this equation

constant

thermal conductivity in w/cm®K
= heat capacity in Joules/gmox
density in gm/cm®

length of thermal path in cm
temperature in °K.

s >0 O X P
i

The values for K and C used in these calculations were taken from Refer-
ence 28, The relaxation time is then

(B-4)

For a tin rod 1 cm long that is heated at one end and cooled at the other,

we find

(2.0x107%3/gn°K) (7.3 gm/cm®) (1_cm)®
(25 w/cm”K)

(B-5)
5.91 x 10~° sec

3
i

The modulator geometry used in our experiments was a hollow cylinder of
wall thickness A, Assuming that the thermal pulse propagates from the
inner wall of the cylinder (the heat source) to the outer wall (the heat
sink) along a radial direction, the length used in calculating the relax-
ation time is the wall thickness. Thus

T = ?‘ X (B—G)
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Calculations were done for a cylinder with 0.5 mm ID by 1.25 mm OD for

various modulator materials. The results are shown in Table B-2.

Table B-2

THERMAL RELAXATION TIMES
FOR FIVE POSSIBLE MODULATOR MATERIALS

Relaxation Time, T

Material (sec)

Tin 8.0 x 107°
Indium 7.6 x 107
Mercury 9.3 x 10°°
Lead 1.9 x 10°°
Copper 1.5 x 1078

From .these estimates of the thermal relaxation time, it is clear that
modulators operating at frequencies as low as 10 to 20 kHz should not be
limited by the thermal response.
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