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Abstract

YBa2 Cu307_i (YBCO) is investigated as a substitute for copper in a resonating cavity
antenna. Melt-recrystallization is used to produce fibers with dense, long-grained

material, in an attempt to minimize power losses in the antenna. Optical microscopy
on fibers processed in this manner revealed several features, including a second phase
at platelet boundaries. SEM revealed a surface coating that increased the surface
resistance of the fiber. Electrical measurements revealed surface resistances around

10-3 to 10-4 Q. The surface resistance increased with frequency and applied magnetic
field power. The field dependence was linear, suggesting weak-link dominated
behavior. The surface resistance appeared to taper off at higher powers, indicating the
magnetic powers used may be near saturation for the samples. A rough correlation was

also found between the grain size of the sample and its surface resistance. The best

surface resistances achieved were still two orders of magnitude higher than that of thin
film stripline samples of other studies. However, the YBCO fibers generally had lower
surface resistances than copper, making them valid replacements for copper.
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Title: Professor of Materials Science and Engineering
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I. Introduction

Superconductors have many potential applications, but one with enormous
potential is for use in antennas. A superconducting antenna would allow transmission
of far more powerful signals with fewer power losses from ohmic resistance existing in
normal materials. The advantage of a superconducting antenna becomes more evident
when one considers a potential antenna design consisting of a helical coil inside a
resonating cavity [13,14]. This design achieves the same frequencies as much larger
antennas, but in a much smaller space. As an example [13], the frequency of a 25 feet
coaxial resonating antenna three inches in diameter can be achieved by a helical
resonating antenna 8" long and 6" in diameter. Such an antenna would be much more
mobile, allowing a wide range of new applications. This favorable size comes at the
price of having a much greater power loss in the smaller surface of the center
conductor. High power transmission applications using conventional materials like
copper become impractical for this design because the resistance is too high.

The advent of high temperature superconductors allows one to achieve the
potential of this antenna design for radio frequency applications. The focus of this
research is to develop the processing of YBa2 Cu3 07_5 (YBCO) superconductor for the
antenna application. Most applications for bulk superconductors, such as for
transmission lines or motor coils, focus efforts on improvement of critical current by
control of microstructure. However, the use YBCO as an antenna for radio
transmission creates its own unique set of electrical requirements for the
superconductor.

The current direction rapidly switches many times a second in radio frequency
(rf) applications. This produces several effects not present in normal DC applications.
One of the main effects is the skin depth effect, where current flow is restricted to the
surface. The cause of this physical phenomenon lies not in the nature of the
superconducting material, but occurs in all conductors when used at radio frequencies.
As an electromagnetic wave penetrates a conductor, the electric field causes electrons at
the surface to move in response. The wave decays as it passes into the conductor. The
thickness of material that the wave penetrates before decaying to /e of its value, the
skin depth, is proportional to o-' where co is the frequency [29]. Most of the current
will be carried within the skin depth. As a result, the surface resistance is dependent
on frequency. This type of decay occurs in both normal conductors and
superconductors, and occurs whether the conductor is receiving an incoming wave or
transmitting one.

Another difference between rf applications and DC applications is the
mechanisms that reduce the electrical performance. There are losses inherent in the
superconducting nature of materials, which arise from the existence of normal electrons
in all superconductors above 0 K. Also, magnetic flux movement and penetration at
the grain boundaries cause power losses, so it becomes even more crucial to have a
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high density of magnetic flux pinning sites. Weak-link behavior at the grain boundaries
also contribute to losses, so grain boundaries should be minimized by maximizing grain
size.

The importance of the microstructure of the YBCO conductor becomes apparent
for antennas. For this reason, melt-processing techniques will be used to produce high
quality bulk material with long grain lengths. The YBCO material is ultimately
intended to replace the center helical coil in a helical resonator. Techniques for melt-
processing the coil shape have yet to be developed. Meanwhile, the microstructural
improvement on antenna performance will first be examined by using simpler, straight
fibers as the center conductor. Fibers will be melt-recrystallized by a simple zone-
melting furnace. This study will focus on the relationship between the microstructural
properties and antenna performance of the fiber. The fibers will be melt-recrystallized
under a range of growth conditions and the resulting microstructure will be examined
for the purposes of improving the process to fabricate better material to improve
antenna performance.

II. Background

A. Magnetic Flux Pinning

In type II superconductors, such as YBCO, magnetic flux is able to penetrate
the material through the normal regions [1]. Fluxoids develop in the superconductor
surrounding the flux lines. The tendency is for Lorentz forces to move the fluxoids
when there is transport current flowing through the material. Pinning sites help prevent
the motion of the fluxoids. If the force on the fluxoids exceeds the pinning force, they
move through the material. The viscous-like drag caused by the pinning sites requires
work to keep the flux moving, resulting in a voltage drop across the superconductor.
Pinning sites are small regions of disorder where the material is not superconducting.
This normal region is energetically favored by a fluxoid, so the fluxoid tends to sit at
the site, and needs to overcome an energy barrier to move off the normal region. The
pinning site should be smaller than the coherence length, which reflects the distance
over which the normal material to superconducting material transition occurs. For
YBCO, this length is 7-34 A, depending on the crystallographic direction of the current
[11]. This very short coherence results in a variety of effects uncommon in low-
temperature superconductors, such as weak link behavior.

One type of defect is the twinning planes, which form from the anisotropic
shrinkage during the tetragonal to orthorhombic phase transition around 670 °C. The
best superconduction properties are achieved in fully oxygenated 123 phase. Material
that is properly oxygenated goes through the tetragonal to orthorhombic transition.
Material that does not make the phase transition remains a non-superconducting
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tetragonal phase at room temperature. A high degree of twinning is a good indication
of a high amount of superconducting material. The twinning planes are of the
appropriate size to pin flux, but are shown to be weak pinning sites[18]. A more
effective pinning site is a stacking fault, which is shown to be more numerous around
211 phase inclusions[18]. As would be expected, a high surface to volume ratio of 211
in bulk YBCO gives better flux pinning [21], due to the larger proportion of stacking
faults.

The fluxoids tend to set up in an elastic lattice [1], so that a group of fluxoids,
called a "flux bundle," may be held fixed as a group by a few strong sites, and it is not
necessary to pin each fluxoid individually. As the current flows, the magnetic flux
bundle drifts until it is arrested by a sufficient number of pinning sites. When the
current switches direction, the flux drifts in the opposite direction, so the pinning sites
which initially held the flux may now be on the wrong side to effectively hold it. The
flux continues to drift in the other direction until it runs up against enough pinning sites
to hold it. As the current switches back and forth, the flux drifts back and forth
between the pinning sites. A high density of effective pinning sites is required to limit
the amount of the back and forth flux drift, which saps the antenna transmission power.
The higher the transmission power used for the application, the stronger will be the
flux motion. This is another reason for the need of a high density of strong pinning
sites.

B. Power Loss

Power loss is the amount of signal power lost in the conductor without getting
transmitted. The power loss often takes the form of heat in the conductor, which
worsens the properties in superconductors by the temperature rise. There are intrinsic
and extrinsic reasons for power loss. Intrinsic losses result from limits in the nature of
superconducting materials. Extrinsic losses are believed to result from weak links
present in the material, such as at grain boundaries. The essential features of the some
proposed models to explain intrinsic and extrinsic behavior are discussed below.

Intrinsic power loss is due to resistive current flow that can exist in a
superconductor when an AC field is applied [1]. This type of current flow is a result of
the rapid switching back and forth of the superconduction current. There is a fraction
of non-superconducting normal electrons in any superconductor above 0 K. During
DC flow, the current is carried exclusively by the superconducting electrons, so there is
no resistance. When AC flow occurs, however, the changing field must accelerate the
electrons in the direction of the electric field. This is not instantaneous, since there is a
small momentum associated with the electrons, and the superconducting current lags
behind the AC field. A small voltage to accelerate the superconducting electrons must
exist. This voltage can also move normal electrons, so that in an AC field the current
is carried by both ohmic normal electrons and by superconducting electrons. This is
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known as the "two fluid model". The normal electron current creates a power loss by
its ohmic resistance in a superconductor.

Extrinsic power losses can arise from weak-link Josephson junctions at grain
boundaries. Magnetic flux decays exponentially along the penetration depth into the
material. Above a critical field, magnetic flux is able to penetrate through the weak-
link grain boundaries at the surface [24]. Flux penetration deep into the material at the
grain boundaries can result in more losses as it gives rise to current into the grains and
across the grain boundaries. Flux pinning limits this deleterious penetration by pinning
the current into the grains and at grain boundaries.

The power losses result from the surface resistance (R) of the conductor. The
surface resistance is the resistance to current flowing within a certain skin depth of the
material. The Rs is measured in a resonator with YBCO as one of the conductors. The
measurement used to gauge the conductor performance was the Q, a dimensionless
number indicating the antenna performance in the cavity. The Q is measured from the
peak width at half the peak height of the reflected power near the resonating frequency.
A high Q means low losses at the resonant frequency of the cavity. The cavity used
consists of a cylindrical chamber with a center conductor. This center conductor was
replaced with a superconducting fiber. The Q depends on the geometry and the
electrical properties of the cavity, but more importantly it is also a function of the fiber
conductor in the center. The greater the power losses in the fiber, the lower the Q.
The surface resistance can be defined from the quality factor, Q, according to the
following equation [17]:

Rs-Ff / Q

where r is a geometrical factor, and f is the frequency. This Rs is only an effective
surface resistance value, since the real surface resistance varies with position along the
fiber. This variation arises from the nature of the standing wave in the cavity, where
the current and penetration depth will be highest at the antinodes.

The Rs in YBCO is found to increase with frequency ((o) and the power applied.
The surface resistance has generally been shown to vary with the square of the
frequency [17]. A study with sintered rods [24] shows an Rs dependence with o0 1 at
high powers. This is also the type of dependence a normal conductor has. These
dependences are predicted by a variety of models, including a two-fluid model and
other models based on grain boundary weak links.

The power reflection from the cavity will peak at a resonant frequency, as
power is applied to the cavity. This peak plotted versus frequency has a slight
asymmetry in superconductors, that is absent in normal conductors. This non-linearity
can be explained using the two-fluid model, and matches well with experimental values
for thin film YBCO[16]. The implication of this model is a slight shift in the resonant
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frequency with applied power, and a power loss dependence on frequency. Though the
frequency dependence was not studied in depth for this thesis, one should be aware
how the frequency chosen affects the Rs, and possibly influences the dominant
mechanism of power dissipation.

The surface resistance for normal conductors is independent of the power level
applied. However, YBCO and other superconductors have higher surface resistances
with higher power levels. The power dependence determines how effective the antenna
will be when used to transmit powerful signals, and what the maximum transmission
signal can be. The power applied is represented by the radio frequency magnetic field
(Hrf) at the surface of the conductor. This allows comparison of different
superconductor specimens, even though they may have been tested in different types of
resonators. The Rs dependence on Hrf depends very much on the materials properties
and the particular test parameters.

The two-fluid model can be used to show a quadratic dependence of Rs on Hr
[17]. The higher the power used, the more conduction that will occur by normal
electrons. A different model proposed by Halbritter[30] predicts a linear Rs

dependence on power by assuming that weak-lini Josephson junctions at the grain
boundaries dominate the dissipation behavior. Flux is able to penetrate deeper into the
material along a weak-link grain boundary. The model gives a fairly linear Rs

dependence with low power, due to flux penetration at the grain boundaries. It gives a
very non-linear dependence at high Hrf, which results in an asymmetric resonance
curve. The Rs saturates at high Hrf when high frequencies are used.

Energy gap consideratiopi are important at frequencies approaching 1 THz [29],
but do not apply to this thesis since the effect is not dominant at high temperatures near
TC, and the frequencies used in this study will be much lower.

The results of a number of bulk and thin film studies [24] suggest a quadratic
dependence on Hrf at low powers, and a linear dependence at intermediate powers (0.1
to 10 Oe). The Rs saturated when the power applied was above a critical power, which
ranged from 10 Oe to 100 Oe depending on the sample and conditions used. These
dependences are supported by results found in Oates, et al [17]. A summary of the
surface resistances measured in various materials at 4.2K are shown in Figure 1.

Studies with stripline resonators [28] using thin films also show a quadratic
dependence at very low powers, in which it is believed the dependence to be a result of
defects and very weak links in YBCO. The power dependence at moderately low
powers followed the quadratic relation:

Rs =Rso(1 +brfHrf2 )

where brf is a fitting constant. This dependence may rise from weak-link Josephson
junctions at the grain boundaries. The Rs dependence on Hrf was even greater at

11



medium powers. The flux penetration at the grain boundaries becomes significant at
high powers, and hysteresis losses play a role in power dissipation.

A linear dependence of Rs has been found in relatively poor thin film samples
with many grain boundaries, and follows the relation [171:

Rs=Rs(1 + PHf )

where is a fitting constant. The linear dependence is associated with Josephson
junctions at weak-links at the grain boundaries, where magnetic flux is able to
penetrate.

The quality of the conducting material has been shown to affect the Rs. For
example, studies measuring the Rs of polycrystalline YBCO and its dependence on field
and temperature, give a values of x10-4 to 8x10-4 Q at 1 GHz, 77K and low applied
fields [5,30,34]. The surface resistance of a thin film in a strip line resonator is better,
at 2x10-6 to 8x10-6 fi [17,30,35]. The thin film values represent good quality material
with few grain boundaries and good pinning defects, and therefore indicate the potential
which may be achieved in bulk materials given sufficient microstructure control.

Increasing the grain size and improving the alignment by texturing reduces the
Rs [24]. An untextured film had a higher Rs which increased faster with Hif than the
Rs for a textured film. The microstructure was also shown to affect the Rs dependence
in stripline resonators [28]. Poorer films in stripline resonators showed a linear Rs

dependence on Hr, which may be due to flux penetration at grain boundaries.

Studies can be done to examine how different defects affect the power loss,
since flux pinning affects the power loss. Twinning defects have been shown to pin
flux flow [26], by applying an external magnetic field at different orientations to a
crystallographically oriented sample. These results fit with simulations of power loss
due to flux flow response to applied power.

C. Microstructure

Improvements for YBCO conductor as an "rf" were studied by improving the
microstructure. Longer, well-oriented grains and cleaner grain boundaries can be
achieved through melt-processing [20]. Straight fibers were used in this study because
of their simple but useful shape and ease of melt-processing.

A variety of melt-processing techniques are available [20]. The process used in
this study is a melt-recrystallization process in a resistive zone furnace. This method
melts a small section of the material in a hot zone. A peritectic melt forms from
YBCO, consisting of Y2 BaCuO5 (211) particles and a Ba and Cu rich liquid phase.
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The material passes through this melt zone, and the exiting liquid reacts with the 211 to
solidify as 123 phase at a crystal growth front. This growth front can theoretically
continue indefinitely under appropriate growth conditions, resulting in a single grain
over the entire material. An excess of 20% vol 211 is used for this process, so that
there is sure to be enough solid material remaining above the peritectic melting
temperature to hold the length of fiber suspended below the melt. The size of the 211
after melt-recrystallization is influenced by the initial size of the material and the
amount of coarsening that took place in the melt.

The fast growth direction of 123 is along its a-b plane. This results in a high
degree of orientation in the processed fiber, with the a-b plane aligned along the growth
direction. This is fortunate for zone melting of a fiber, since the material's anisotropic
conductivity favors conduction along the a-b plane, which generally lies in the long
axis of the fiber. The anisotropic growth rate also results in a thin platelet structure.
The grain consists of long platelets oriented along the a-b plane. The individual
platelets are not separate grains, but instead are interconnected at various points along
the platelets. This will be discussed further in the Discussion section.

The conditions of growth have a large effect on microstructure [9] due to
compositional segregation at the solidification front. The sharpness of the thermal
gradient and the growth speed are the two most important factors to controlling the
growth front. A thermal gradient too low or a growth speed too high results in
dendritic or cellular growth. In such a case, the resulting material consists of many
fine grains oriented roughly along the axis. In extreme cases the grains can nucleate
ahead of the growth front, resulting in a fine-grained randomly oriented microstructure.
For obtaining quality melt-recrystallized YBCO fibers, growth conditions must be
chosen to achieve a stable, single grain growth front.

III. Experiment

A flowchart summary of the basic steps performed with the fiber material are
illustrated in the Appendix.

A. Zone Melting

The starting material was made from YBCO powder purchased from Rolm-
Pulanc, mixed with an excess of 20% vol 211 powder. Through a CeraNova
Corporation proprietary process, the powder was mixed with 50% binder and lubricant,
and then extruded into a 10 mil green fiber. The fiber was heat-treated to remove the
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binder and sintered at 890 °C for 1 hour. This gave straight fibers roughly 200 !Lm in
diameter and in lengths over 30 cm long.

The sintered material was melt recrystallized in an electrically heated zone-
melting furnace in air. This furnace was essentially a vertical tube furnace with a 3/8"
to '/4" inner diameter [Figure 2]. A heater coil was placed around the middle section of
the furnace, where the tube was cut away to allow direct heat from the coil to a YBCO
fiber in the center. The temperature was controlled by a thermocouple near the heating
coils. There are many factors affecting the vertical temperature profile in the furnace,
including the shape and size of the coils, distance from the coils to the fiber, inner
diameter of the furnace, and the thermal conductivity of the materials used for the tube.
Hence, though all the furnaces are essentially the same, differences between the
furnaces due to the construction affect the thermal gradient, temperature profile, length
of the hot zone, and the uniformity of azimuthal thermal gradient. In each of the four
furnaces used, the fiber was suspended in the furnace from a supporting filament that
was wound around a pulley attached to a very slow speed motor. This setup allowed
the fiber to be drawn through the furnace at speeds ranging from 1.6 mm/hr to
9.9 mm/hr in either direction.

Estimates of the temperature profiles were measured by passing type K
thermocouple (0.005" diameter) through the zone furnace at 3.3 mm/hr while the
furnace set point temperature was 1010 °C, typical conditions used for melt-
recrystallization. The resulting temperature profile for each furnace was recorded by a
chart recorder. The profiles reflect the temperature near the center of the furnace, not
the temperature at the furnace thermocouple used to control the furnace temperature.

Experiments were carried out in each furnace to determine the microstructural
features formed in the initial melt zone. This involved placing a sintered fiber in the
furnace center at 750 C and ramping to the set point temperature, 1010 °C, over 15
minutes. This ramp was the same ramp used for melt-recrystallization of the fiber in
all other experiments. The ramp was needed to allow the section to slowly reach its
melt temperature under stable conditions, instead of being rapidly dropped into hot
zone, which often resulted in one side of the fiber melting first and giving a kink or
slight bow in the fiber. After the ramp, the sample was held in place 1 hour at a set
point of 1010 C, and then air quenched to room temperature. The resulting features
were examined and measured using optical polarized microscopy.

The sintered fiber could be drawn in either direction through the furnace at a
variety of growth speeds and temperatures. To determine the effect of these, several
experiments were performed under a variety of conditions [Table 1]. These conditions
were chosen based on previous work at CeraNova, which showed melting of the fiber
to occur above a set temperature of 1000 °C, while single crystal growth generally
occurred at growth speeds at or below 5.0 mm/hr.
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The fibers were annealed, after melt-recrystallization, in an environment
containing 1 atm flowing oxygen. The anneal cycle consisted of a ramp to 880 °C for
sintering of silver lead attachments (to be described below), and then cooled to 670 °C,
where the tetragonal to orthorhombic transition occurs. The fibers were then slowly
cooled to 450 C and soaked for 40 hours before being slowly cooled to 350 C where
it would also soak for 15 hours before being cooled to room temperature. Indication of
the success of the anneal can be observed in the amount of twinning in polished
samples.

The fibers were then mounted in epoxy and carefully ground to reveal the cross-
section along the length. After polishing, they were examined by polarized optical
microscopy to determine the lengths of various features and to try to quantify the
quality of the microstructure.

The grain length was taken by dividing the length of a selected section by the
number of intersections of grain boundaries intersecting the fiber edge on the polished
cross-section. This technique was used because it only counts the number of grain
boundaries actually reaching the surface of the sample, which controls the power
losses.

Parts of a few melt-recrystallized samples were examined by SEM to examine
the fiber surface and the surface of the fractured ends.

B. RF Testing

RF testing was done in a half-wave coaxial resonating cavity constructed out of
copper [Figure 3]. The cavity consisted of a 6" long copper cylinder 3" in diameter.
Copper endcaps placed over the ends of the cylinder made up the endwalls of the
cavity. Coaxial cable connections in the endcaps connected external cables to copper
wire electrodes. The endcaps could slide in or out to adjust for different sample
lengths. Shorter cylinders were used for fibers significantly shorter than 6".

This setup achieves high fields at the conductor surface because a large amount
of power is concentrated at the relatively small surface of the thin fiber. Another
existing method to measure surface resistance in a resonating cavity involves replacing
the endwall with the YBCO sample, which allows one to use flat samples. However,
this has the disadvantage that the entire cavity must coated with superconducting
material, or otherwise the cavity losses will overwhelm the signal. Center conductor
replacement can be done in a copper walled cavity [25]. The copper cavity used in this
thesis was able to measure samples with a Q as high as 30,000 before cavity losses
would begin to significantly affect the measurements.
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The center conductor YBCO fiber was placed in a sapphire tube for ease of
handling. Sapphire was used because of its low dielectric loss, which does not
significantly affect the measured Q. All testing was done in liquid nitrogen at 77 K.

A variety of methods were used to connect the fiber ends to the electrodes of the
cavity. One method involved attaching silver leads by silver paint, and then heating up
to 880 °C to sinter the silver, before ramping down to 670 °C where the anneal cycle
would start. Another approach was to remove the wires, but leave the sintered silver
ends, and having the fiber be capacitively coupled to the electrodes. A third approach
was to simply leave out the silver entirely and to leave the ends capacitively coupled to
the electrodes. The silver was found to reduce the Q, so it was removed for all tests.

Power was supplied to the cavity and analyzed by a Hewlett-Packard 8753C
Network Analyzer. The Q is affected by losses in the external cables and connections
to the cavities. These losses are minimized by increasing the capacitive spacing between
the electrodes and the YBCO conductor, which decouples the electrodes from the
conductor, and so fewer losses exist in the external lines. These losses can not be
completely eliminated, otherwise the signal becomes too small, and so the Q must still
be corrected, as will be described later.

The samples were measured at the resonant frequency, which depends on the
physical geometry of the cavity and sample. This frequency was typically around 1000
MHz for a 10 cm sample, and 700-800 MHz for the 15 cm samples. The Q was
measured for a range of source powers, from -10 dBm to 20 dBm.

The Rs can be determine' by measuring the Q of a copper conductor and
relating it to YBCO by analysis described in [25]. The power at the conductor surface
is calculated from the source power, Q, conductor geometry and various other
parameters [28]. These calculations are described in the Appendix.

IV. Results and Discussion

A. Processing and Microstructure

General Features

The temperature profiles of each of the furnaces are shown in Figure 4. These
profiles show a peak temperature 30-70 °C higher than the set temperature used to
control the furnace. This is expected, since the control thermocouple could not be
placed in the hottest part of the furnace, i.e. the center of it where the fiber was. These
measured profiles arekonly rough estimates of the actual temperatures, since the
thermocouple wire has different conductive and emissivity coefficients than a YBCO
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fiber. However, the profiles roughly correlate with the melt zone lengths found in the
melt-zone length experiments and other measurements. Furnaces #1, #2, and #4 were
roughly the same, with similar hot zone lengths and thermal gradients at the growth
front. Furnace #3 had a hot zone length roughly double that of the other furnaces, and
had a shallow thermal gradient. These differences are due to deliberate construction
differences in the furnace to see what effect a different temperature profile might have
on the processing of the samples.

The one hour hold experiments showed the same bloat features found in the
melt-recrystallized samples. The quenched melt zone consisted of fine polygrained
material. There were pores and pullouts. The pullout material is likely to be
agglomerates of 211, of which there is a large amount in the peritectic melt. The melt
zone is shorter than the length of the melt zone found after zone-melting for several
days. The increase in melt zone length after one day is typically 35-40%. This is not
surprising, since the hot zone is expected to expand over long times as the entire
furnace gradually heats up to its equilibrium state.

The melt-recrystallization process produced a series of microstructural features
in the melt-recrystallized specimens. There is a bloat zone at the beginning of the
process that is larger in diameter than the sintered material [Figure 5]. This bloat zone
forms when the liquid wicks from the melt zone into the adjacent porous sintered
material. The excess liquid adds to the material and causes it to be bloated. The liquid
wicks away until it reaches a front that is cool enough to solidify it. The bloat zone
beneath the melt zone sometimes has a bell-shape, and appears as if sagging [Figure 6].
There were differences in the bloat zone lengths depending on which furnace was used.
The essential difference between each furnace is its temperature profile. The distance
at which the solidification for this liquid phase occurs is dependent on the temperature
profile. By correlating the bloat zone length and the temperature profiles of the
furnaces, the temperature where the bloat zone ends is found to range from 900 °C to
925 °C [Figure 4]. This is the solidification temperature of the wicking liquid phase.
The exit bloat zone is defined as the bloat zone which starts out on the exiting end of
the furnace and moves away from the hot zone without getting melt-recrystallized.
There is a similar bloat zone on the other side of the melt zone, which is referred to as
the feed bloat zone, since it feeds into the melt zone during the zone-melting process.

The area next to the bloat zone is the melt zone, over which the material is a
peritectic liquid mixed with 211 phase material. The initial melt zone exhibits the
cleanest microstructure of the entire sample, having few pores, second phase pullouts,
or any other features aside from 211 particles and 123 phase. This material is much
richer in 211 particles, since the Ba-Cu rich liquid has wicked from this zone into the
adjacent bloat zones. The 211 particles are usually large and spherical, and after
solidification occupy more than 1/2 of the volume, based on visual estimates. The
volume fraction of 211 will naturally be even higher when above the peritectic melt.
The fiber diameter is thinner in this region, due to the loss of liquid and porosity. The
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211 particles shrink closer together as the liquid leaves, and the fiber length actually
decreases at this point.

Initially, this melt-zone solidifies to form multiple unaligned grains around 0.2
mm in size. The grains with a favorable orientation aligned along the growth direction
quickly crowd out the other randomly oriented grains that grow slower in this
direction. A single grain aligned along the growth direction quickly crowds out the
other grains. The growth is fastest in the a-b plane, so the single grain will be oriented
such that this plane is aligned along the growth axis. This grain typically continues 5-
20 mm before it is replaced by another grain. The subsequent grains after the initial
single grain are usually smaller and more randomly oriented, and rarely achieve a
length comparable to the initial grain.

The first single grain rarely passed beyond the boundary determined by the edge
of the initial melt zone. This boundary is distinguished by a slight increase in diameter
of the fiber. This occurs because the initial melt zone is thinner from its loss of liquid,
but the subsequent region the melt zone encounters, the feed bloat zone, is already
bloated, and so the fiber will be fatter. This material entering the melt zone from the
feed bloat zone is rich in the liquid phase, and poorer in the 211 phase. As this
material melts above the peritectic, the excess liquid again attempts to wick away into
the neighboring area, except that this time instead of the porous region at the exit end,
the melt runs into a dense, melt-recrystallized region that can not absorb any liquid. It
is expected that some of this peritectic liquid and accompanying 211 phase drips down
the sides, along the surface of the melt-recrystallized region. Some liquid is able to
continue to wick ahead into the feed bloat zone. The leading edge of the feed bloat
zone, the edge furthest from the melt zone, will continue to advance as the hot zone
moves along the fiber. The feed bloat zone keeps advancing, while its trailing edge
gets consumed by the advancing melt zone. A steady state is reached, and there is not
a net loss of liquid from the melt zone from then on. The fiber resumes a constant
diameter, while the bloat zone dimensions also stay constant except for the slight
lengthening due to the furnace reaching an equilibrium temperature profile.

There is rarely another grain of comparable length after the initial long grain
ends. It is not clear what prevents the grain from continuing to longer lengths. The
growth speeds are appropriate for single grain growth in the thermal gradient used.
Since the results did not appear to be affected within the range of growth speeds used,
the problem is expected to lie elsewhere.

One likely reason for truncated grain growth lies in the geometry of the hot
zone. Some samples showed a series of grains, each starting from one side and then
slanting across the fiber [Figure 7]. This is believed to be an indication of an uneven
azimuthal temperature gradient. If the furnace is hotter on one side of the fiber, a
slanted isotherm occurs across the fiber [Figure 8]. A grain nucleated on the cooler
side of the fiber will have more time to grow than grains on the hotter side of the fiber,
which must wait until it sinks down below the peritectic temperature. The grains on
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the cooler side will be able to crowd out other grains. As the fiber continues to move
and this grain exits the hot zone, the grain grows to keep up with the peritectic
temperature isotherm as is regulated by the hot zone. In this situation, a considerable
amount of growth must occur along the c-axis to keep up with the moving growth
front, since the grain is misaligned with the axis. Growth in this direction is slower,
and if it falls behind, a new grain can nucleate ahead of it and crowd it out. If this
happens repeatedly, the slanted grain microstructure results. If the grains are polished
along a cross-section which slices through the slanted grains at the wrong angle, the
microstructure reveals short, blocky grains, instead of slanted grains. The particular
cross-section examined often results in distorted projected angles for the grain
orientations and grain boundaries, so one must take care before drawing too many
conclusions about the angles of these features from a polished cross-section.

If there is inadequate mechanical control of the fiber in the furnace, the fiber
may move closer to one side of the furnace, and a slanted thermal gradient can result.
This can easily happen since the fiber hangs freely and can swing. Also, if the fiber is
not perfectly straight, a slight bend can cause one section to be closer to one side when
it passes through. The geometry of the furnace may create a non-uniform gradient if
the heating element is not arranged perfectly symmetrical in the furnace. Extra care
must be taken to avoid these problems.

An attempt to improve the azimuthal thermal uniformity was made by reducing
the sideways motion of the fiber with tubes, having an inner diameter of 1/16", as
guides around the top and bottom the fiber to keep it better centered. No noticeable
improvement was obtained from this modification. The lack of success may simply be
an indication of an asymmetry in the coil arrangement. Better efforts may be required
to even out the thermal gradient.

The growth rate and temperature had little correlation with grain length, as can
be seen from Table 1. This indicates that other factors are responsible for limiting the
grain length. Under certain conditions with certain materials, too high a growth rate
and too low a temperature gradient would lead to dendritic growth or equi-axed grains
in extreme cases. However, these features did not appear in the melt-recrystallized
YBCO. The instability of the growth front from segregated composition is not the
limiting factor for YBCO grain length under the conditions used.

The majority of the microstructure after the initial melt zone is full of small
inclusions, pores, and parallel stripes running between the platelets. What varies is the
density of these features, the orientation of the parallel stripes, and the length of the
grains. Also present under polarized light are twinning planes. The degree of twinning
appears to vary within different samples which experienced the same oxygen annealing
cycle, and it is not known why this might occur.
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Stripes

Common in virtually all the samples were long parallel stripes oriented along
the a-b planes. SEM examination of polished cross-sections reveal that the polish
occurred across the platelets, and that the stripes result from the platelets tearing,
probably during the grinding process. One possible explanation is that these parallel
features are cracks resulting from stresses as the material passes through the tetragonal
to orthorhombic phase transition. As single grains become larger by melt-
recrystallization, the stresses are larger and may be enough to delaminate between
platelets. The stripes are often ragged and appear too wide to be cracks. Grinding and
polishing could tear at any cracks and make them appear to be wider then they really
are. Also, the plane of the polishing cross-section often slices through these parallel
planar cracks at an angle, causing the crack to appear wider. The samples were
handpolished starting with 200 grit, then 600 grit SiC paper, followed by progressively
finer diamond pastes. Some samples were buffed in a silica colloidal polishing media
as a final step.

Another more plausible explanation is that a liquid phase gets trapped between
the platelets as the platelets grow. If the crystal growth front consists of layers of
platelets growing into the liquid, excess liquid may get entrapped between the platelets.
A model for this is proposed by Goyal, et al [3]. The anisotropic growth rate in YBCO
causes slender platelets to grow forward out into the liquid before thickening and
merging together. When it encounters a 211 particle, some portions of the platelets get
blocked, but the rest continues. The result is a trail of liquid behind the 211 particle.
Eventually the platelets grow in thickness and squeeze out or consume some of this
liquid, but the rest gets left behind. The microstructure then consists of many platelets
separated occasionally by a layer of what was liquid phase. The liquid boundary
between the platelets are flat and smooth and thin relative to the platelets, unlike the
parallel stripes observed in this study.

This liquid phase could react during storage before testing. YBCO is known to
react with moisture and CO2 at room temperature to form BaCO3 [22]. Subsequent
polishing could then produce the stripes as the grinding removes the second phase.
Another possibility is that the liquid phase etches away during grinding (which was
done in water) and subsequent polishing. An alternative is that the entrapped liquid
might react during grinding to form a harder material, which would get pulled out
during grinding. The tearing would result in ragged edges found in the stripes.

The stripes are not observed in the slowly melt-processed samples examined in
Goyal, et al [31], which were generally cooled at 1 C/hr. This may simply be due to
better polishing methods. However, the faster growth in a thermal gradient used in
zone melting may cause larger amounts of liquid to get entrapped between the particles.
Faster growth would allow less time for the liquid to diffuse ahead of the growth front,
and larger amounts would fall behind to be engulfed by the advancing platelets. These
large sections of liquid could form wider features than the thin, narrow liquid phase
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observed in slow melt-processed samples. This would suggest that a much slower
growth speed in the zone-melting furnace would eliminate the stripes. However, using
a growth speed as low as 1.6 mm/hr had no effect to reduce the presence of stripes.

If the liquid is a non-equilibrium phase caused by cooling too quickly, it may be
possible to remove some of this liquid after entrapment by soaking the material at a
high temperature just below the peritectic to allow the liquid to react with the 211
phase. This may be done by allowing the barium-cuprate-rich liquid time to react with
211 phase and form more 123 material. This technique could be done either by a
separate anneal around perhaps 950 °C, or by creating a more shallow temperature
drop at the exit of the zone melt furnace so that the freshly solidified material spends
more time at high temperatures close to the peritectic before being cooled below the
point at which liquid phase can still react to form more 123.

Another possible explanation is that the observed features are not pullouts, but
are actually many pores flattened between the platelets. The pores could result from
bubbles produced by CO2 gas, which has been observed in YBCO above 900 °C [8].
Carbon segregation has been shown to occur in YBCO [10], so this might add to the
favorability of C0 2 gas formation at the growth front. The gas could be oxygen
evolved during the reduction of CuO to Cu2 0.

A brief discussion of pore formation with respect to metal solidification is given
in Reed-Hill [6]. Bubbles already formed in the liquid can give elongated pores where
directional solidification occurs. Dendritic growth can produce pores by another
mechanism, where shrinkage upon solidification creates a vacuum between dendritic
arms, and the arms thicken and close together making it difficult for a viscous liquid to
penetrate. Gas bubbles may nucleate in this lower pressure at the root of the dendritic
growth front.

The anisotropic growth of YBCO causes platelet growth to dominate the growth
front. Bubbles which become entrapped would form flattened pores elongated in the
growth direction. The flattened shape arises from an attempt to reduce surface energy
by reducing its dimensions along the planes with higher surface energy, i.e. the 100
planes [7].

Pores are observed in the quenched melt zone, lending plausibility to the pore
theory. The main flaw with this idea, however, is that some sections also contain
round pores in the same region with stripes. If the stripes are deformed pores, it is
hard to explain their coexistence with round pores. It may be that the flattened pores
result from bubbles of a critical size, which forms the flattened pores, while the other
pores are able to remain round because their size causes them to remain stable spheres
within the advancing growth front.
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Whether the features are due to gaseous phase or to liquid phase entrapment,
their likely segregation at the growth front may explain some of the difficulty in
growing long single grains. Segregation of a second phase at the growth front hinders
the advance of the growth front by acting as a barrier to components needed to form
more 123 at the front. If the growth front is impeded too much, a new grain may
nucleate ahead of the growth front. The longest grains were usually obtained in the
initial melt-zone, which was free of stripes. The long grains that did manage to persist
over an extended distance in the region beyond the initial melt zone almost always
consisted of long parallel stripes oriented along the axis [Figure 9]. This could indicate
a stable condition where the gas or liquid phase gets entrapped and removed from the
solidification front, reducing accumulation so it never seriously impedes the growth
front. However, though phase segregation impediment may occur, evidence exists that
it is the non-uniform azimuthal temperature gradient that is the most crucial factor in
growing long grains [27].

Other Features

At the growth front, pores or pullout have been observed in quenched fibers
[Figure 10]. The growth front in this case contains stripes. This lends credence to the
idea of a segregated phase at the growth front which gets incorporated between platelets
to form stripes.

SEM micrographs of fractured surfaces reveal platelets. These are shown in
Figure 11. This type of structure is typical in melt-processed YBCO, where the growth
anisotropy results in platelets. In one sample, there appears to be a small gap between
platelets [Figure 12]. This gap could be evidence of the feature which forms the
stripes. It could be the result of the removal of a liquid phase material which got
pulled out when the specimen was fractured, or this feature may be evidence of the
flattened pore described above. The boundaries of this gap are smooth faces of the
platelets. This feature could result in a ragged stripe if grinding and polishing tore at
the boundaries.

Examination of the surface revealed a coating of needle-like 211 particles and a
liquid-like phase on the fiber [Figure 13]. It does not have markings suggesting the
layered platelet structure which it covers. This coating probably results from the
peritectic melt in the melt zone dripping down and covering the surface of the melt-
recrystallized fiber below it. The peritectic melt drip would be quenched before it
could react and form the equilibrium 123 phase. It is not known what effect this
coating has on the electrical testing. An attempt to remove this was made by roll
milling a fiber 36 hours in a 1/4" inner diameter alumina tube with 15 [tm diamond
powder and alumina beads as grinding media. Examination by SEM revealed that the
coating appeared to be removed [Figure 14]. This process decreased the surface
resistance by 40%-60% [Table 2].
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An alternative approach to coating removal assumes the coating is a quenched
peritectic melt in a non-equilibrium state, and that it can be reduced or eliminated
simply by annealing at a high enough temperature for the 211 and liquid to react and
form 123 phase. An experiment to validate this approach was done by heating a melt-
textured fiber to 960 °C for 2 hours in air. SEM examination revealed that the original
coating was annealed out by the heat treatment, though it was not clear if it was
completely removed, and if the surface was completely 123 phase.

The initial melt zone is usually the best quality, having the longest grain. It
never has stripes. One possible reason for this is that the amount of second phase
segregation at the advancing growth front is initially too little to produce the stripes.
The second phase might need a certain distance to accumulate before it can produce
observable stripes. Another reason for the lack of stripes may be that if the liquid
phase is Ba-Cu rich, it will be more likely to react in the initial melt zone. This is
because there is a large excess of 211, which readily consumes Ba and Cu compounds
to form the 123 phase. Similar behavior has been observed in melt-textured YBCO
produced after wicking away liquid in the peritectic melt [19]. This study showed the
material to have grain boundaries free of any liquid phase. If the stripes observed in
zone-melted fibers are liquid phase, the wicking would reduce or eliminate the liquid
phase between platelets.

The longer grain length found in this section may be due to a lack of a
segregated second phase at the advancing growth front. This would support the idea
that the segregated phase at the growth front acts to impede the advancing growth front,
allowing new grains to nucleate ahead of the growth front.

Whatever the cause of the improved microstructure in the initial melt zone, the
phenomena might be exploited by increasing the 211 content in the material over the
whole length to produce the improved microstructure. This could be done by
increasing the initial 211 composition. It could also be done by wicking away the
liquid by placing the melt in contact with porous 211, which would act as a sponge for
the liquid [19].

Unfortunately, it is not even known if this microstructure is desired. Since it
only persists over - 1 cm, it is too short to perform radio frequency tests with the
available equipment. It may be that the high ratio of 211 results in an undesirable
percolation path during AC conduction. This structure may have fewer of the pinning
sites required to prevent power loss. The lower fraction of superconductor may
increase the surface resistance, and may outweigh the benefits of fewer grain
boundaries. On the other hand, grain boundaries in this type of structure with a
misorientation up to 27° are still found to have high Jc values, presumably due to
cleaner grain boundaries [19].
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B. Electrical Testing

As was stated earlier, it was found that silver lead attachment only served to
decrease the measured Q's. For example, the Q at 20 dBm went from 4400 to 5905 by
removing the silver contacts. As a result, all testing was performed without silver lead
attachments. Two possible factors could be responsible for the lower Q. Poor contact
resistance between the silver and the YBCO could hinder the effectiveness of the leads.
More importantly, the silver painted on the surface would conduct the current over that
section of fiber, so the additional losses will be associated with the resistance in the
silver.

A typical plot of the reflected power versus frequency is shown [Figure 15].
The width of this peak is used to determine the Q. The Q must be corrected, since it is
affected by losses in the external cables and connections to the cavities. The Q
resulting from the cavity and cables, called the loaded Q, is measured from the
reflected power peak at resonance, and is equal to

QL = o/26

where o, is the resonant frequency and 6o is the width of the peak at half the power.
The Q that results from the conductor is the unloaded Q, Qu. The following relation
[25]:

l/QL= 1/QU+ l/QE+ l/QE'

relates the loaded Q with the unloaded Q and the Q's resulting from power losses in the
line leading to the cavity (QE), and power losses along the line leading back from the
cavity (QE'). This equation assumes the losses in the cavity walls are negligible, which
is true for most of the samples measured. The QE and QE' are minimized by increasing
the spacing between the electrodes and the YBCO conductor, which reduces the
coupling, so fewer losses exist in the external lines. These losses can not be completely
eliminated, otherwise the signal becomes too small. The QL must still be corrected to
obtain Qu. This is described in the Appendix.

The Q is used to calculate the surface resistance (Rs). The insertion loss is
measured and used to calculate the magnetic field power (Hrf) at the surface of the
conductor. The method of calculation is shown in the Appendix. The surface
resistance at -10 dBm is listed as a representative value for the surface resistance of
each sample in Table 2. There was no apparent correlation between processing
conditions and the surface resistance, indicating that hidden process variables such as
the azimuthal thermal gradient are probably more responsible for the surface resistance.

The rf testing revealed an increasing surface resistance for increasing power
levels. The R, dependence on magnetic field power is expected to be linear where
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grain-boundary Josephson junctions are the main cause of power loss, and should vary
with the square of power if the intrinsic resistance dominates power losses. The
implication is that good quality samples with few grain boundaries will have a lower
Rs, but they will rise faster with power.

The surface resistances for this study generally fit the linear equation:

Rs=Rs(1 + PHrf)

which corresponds to weak-link dominated losses. The Rs dependence on magnetic
field power is shown for a typical sample with low surface resistance and one with
higher resistance [Figure 16 and 17]. The remaining samples for which the power
dependence was measured are shown in the Appendix.

The Rso ranged from 9.4x10-5 to 6.1x10- 3. The fitting constant 13 ranged from
0.002 to 0.1. A small negative quadratic term also appeared in some samples,
indicating that the surface resistance was tapering off with increased power, and that
the sample was probably approaching saturation with applied field. This quadratic term
was largest for the samples with high surface resistances, so one might conclude that
the poorer samples were closer to saturation. The RSo and fitting constants are listed in
Table 4.

The surface resistance of a few fibers was measured at higher harmonic
frequencies. The resistance was found to increase with frequency, as can be seen in
Figure 18. The nature of the frequency dependence can not be shown, however, due to
the limited frequencies able to be tested.

An examination of some selected fibers revealed a rough correlation between
the microstructural features and electrical performance. The microstructure of the
samples with low surface resistances have long grains well aligned with the fiber.
There were often stripes running parallel with the fiber, so stripes are deemed relatively
harmless to the electrical performance. The microstructure of the samples with higher
surface resistances have shorter blocky grains which tend to be more misoriented.
Even though the current conduction is only affected by the surface microstructure, the
interior of the polished cross-section appears to correlate with the electrical results,
suggesting that the quality of the interior of the fiber is representative of the thin layer
at the surface over which the conduction takes place. In other words, grain boundaries
extend out to the surface, and are not superceded by conduction through any thin
continuous coating which may exist on the surface.

The average grain lengths for these samples are listed, along with their
respective surface resistances [Table 3]. The surface resistance appears to decrease
with increasing grain lengths, though there is a large degree of scattering [Figure 19].
Results reported in Hein, et al [30], which used samples with much smaller grain sizes,
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show a linear relationship between (grain size)-1 and surface resistance. If weak links
at grain boundaries are shown to provide an easy path for flux motion, then short
grains, even though each may be fairly well aligned, would result in power losses
because of the higher amount of grain boundaries. The data in this thesis has a definite
increase with increasing grain length, but the high degree of scattering indicates that
other factors heavily influence the surface resistance. For example, one particular
sample, which had short grains but a low resistance, also had few stripes or any other
inclusions, and appeared to have clean grain boundaries.

The amount of twinning observed tended to be highest in samples with low
surface resistance, though this was not always the case. Twinning defects contribute to
a low surface resistance by adding more flux pinning, but it may be more significant
that they represent material in the orthorhombic phase. Heavily twinned material
would be well oxygenated, and would have more superconducting electrons available,
resulting in a lower surface resistance.

It is not clear what role the stripes may have in the electrical performance. The
stripes are likely to be non-superconducting, may be thick enough to form a barrier to
conduction. However, the barriers are discontinuous, current can often be bypass the
barriers through gaps, according to a brickwall model. The stripes could aid
conduction if the material surrounding the stripes is made richer in pinning sites, as
occurs around 211 particles [18]. The best samples had extensive stripes, so they
probably are not significantly detrimental to the surface resistance of the fibers.

The alignment of the grains is also expected to affect the surface resistance.
Misoriented grains require that some conduction occur along the c-axis. The
conduction along this axis is weaker, so power losses may reslt from this. Also,
misoriented grains present a greater number of platelet boundaries that current must
cross.

It is not known how these microstructural features may affect the surface
resistance, since it is hard to quantify some of these features, such as twinning and
grain misalignment. Another complication is that often the features only exist in
certain sections of the material, and so a method of weighting the various effects
according to the amount of the various features and their location must also be devised.
The location of the defect in the fiber is important, since the resonating wave results in
more current at the middle of the fiber than at the ends. In addition, it is not yet clear
how much of these features are produced during polishing. Reaction with water and
rough grinding may thicken stripes and may cause the material to appear to have more
stripes than they actually do. Similar arguments can be made for the inclusions. Issues
with sample preparation and quantification of microstructural features make it difficult
to carefully relate surface resistance to microstructure. However, the average grain
size appears to correlate with the surface resistance.

26



V. Summary

The melt-recrystallization process results in longer grained samples, with the
axis of best conduction along the fiber's long axis. Possible causes of the stripe
features observed in the microstructure are discussed. The likely cause is suspected to
be from liquid phase entrapment. The range of different growth temperatures and
growth speeds used were not found to significantly affect the microstructure. The grain
length may be limited either by phase segregation at the growth front, or by azimuthal
thermal gradients in the furnace.

Melt-recrystallization by a zone melting furnace improves the materials
properties to achieve lower surface resistance. The measured surface resistances,

which ranged from x10-4 to 6x10-3 £Q, are equal or greater than those of poly
crystalline samples measured in other studies. However, it is suspected that the powers
used in this study are higher than that used in the numbers cited, so a more relevant

value for comparison is 2x10-1 2, which was measured on a polycrystalline sample at
saturation fields [33]. The saturation field of thin films is higher than for
polycrystalline samples, so its surface resistance will still be - 10-5 at the powers
measured. The surface resistance of the zone melted. fibers was better than
polycrystalline samples of other studies, but still a factor of 100 higher than that of thin
films.

Samples with longer grains tend to have lower surface resistances. The Rs had a
linear dependence on magnetic field power, suggesting that the behavior is still very
much weak-link dominated. Im-rovements may be achieved with better control of the
melt-recrystallization process to achieve longer grains. A surface coating was observed
on the fibers, which served to increase the surface resistance. This coating may be
responsible for the linear Rs dependence and the high Rs. The slight negative deviation
from the linear behavior seems to indicate the onset of saturation at high fields, another
indicator of poor material quality.

The best surface resistances measured were two orders of magnitude higher than
that of thin film stripline samples, but the YBCO fibers still had lower surface
resistances than copper, making them valid replacements for copper. Greater
improvements would be expected near liquid helium temperatures.

IV. Future Work

Further investigation could be done to improve the zone melting furnaces.
Better methods to even out the azimuthal thermal gradient should be explored in an
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attempt to increase the grain length. These techniques could focus on better centering
of the fiber in the hot zone at the solidification front.

Another direction for further work is to verify the importance of the surface
coating and to investigate methods of removal. Once a technique for complete removal
has been found, it should be determined if the surface resistance behavior is the same as
that found in this study, and to see if the surface resistance is indeed near the power
saturation level.

The effect of silver contact leads should be examined when they are applied to
fibers in which the coating has been removed. It may be that the silver lead losses
found in this study are due to poor contact resistance between the silver and
superconductor due to an intervening surface coating. Attachment of silver leads will
be of value when applying higher signal powers to the fiber, since the capacitive
coupling method limits the maximum appliable power.

Lower surface resistances in improved fibers may require a new resonance test
cavity, since the current copper cavity may be too lossy to accurately measure the
fibers. A cavity constructed of superconducting materials might be designed and used
to test fibers with very low surface resistances.
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VII. Tables and Figures

Table 1
Growth Conditions For Melt-Recrystallization
All samples processed in furnace #4

Growth rate

3.3 mm/hr

3.3 mm/hr

3.3 mm/hr

3.3 mm/hr

3.3 mm/hr

-3.3 mm/hr

-3.3 mm/hr

-3.3 mm/hr

-3.3 mm/hr

-3.3 mm/hr

9.9 mm/hr
9.9 mm/hr
5.0 mm/hr
5.0 mm/hr
1.6 mm/hr
1.6 mm/hr

Set Point
Temperature

1000

1010

1020

1030

1040

1000

1010

1020

1030

1040

1000

1030

1000

1030

1000

1030

Avg grain length
(mm)
0.56
0.29
0.71
0.69

1.04

0.67

1.34

0.43

0.80

1.86

0.32

Textured
0.52

0.59
0.86
0.56

* Negative growth rate values indicate drawing fiber in the upward direction
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Sample #

F4915

F4111.1

F4927

F4119

F4101

F4104.1

F41011

F41012

F41013

F41015

F41029

F4111

F41024

F41027

F41018

F41020



Table 2
List of measured samples and processing conditions

Rs @ -10 dBm
4.06E-04
4.91E-04
4.95E-04
2.60E-04
2.35E-04
1.10OE-04

5.59E-04
1.26E-03
1.51E-03
6.80E-04
5.78E-04
1.03E-03
1.88E-04
6.53E-04
2.57E-03
2.90E-04
7.42E-04
2.60E-03

Furnace #
1

1

1

2

2

2

2

3

3

3

3

4

4

4

4

4

4

4

Set Temperature Growth
1020

1030

1000

1020

1010

1015

1020

1025

1020

1020

1030

1015

1015

1020

1020

1020

1030

1020

rate (mm/h)
3.3

3.3

3.3

3.3

5.0
5.0
9.9
-3.3

-3.3

5.0
-3.3

3.3

3.3

3.3

3.3

5.0
3.3

-3.3
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Sample #
F185
F189
F192
F269
F2721

F2728

F292

F3279

F3721

F3726

F389

F4611

F4618

F4630

F4719

F4726

F4816

F4820



Table 3
Average Grain Length
(Sorted by grain length)

Sample # Average length
(mm)

F4816 0.30
F4719 0.60
F389 0.67
F4820 0.71
F192 0.73
F189 0.74
F3726 0.78
F292 0.82
F372t 0.97
F185 1.04
F2728 1.26
F2721 1.29
F385, before polish
F385, after polish

Rs at -10 dBm

7.42E-05
2.57E-04
5.78E-05
2.60E-04
4.95E-05
4.91E-05
6.80E-05
5.59E-05
1.51E-04
4.06E-05
1.10E-05
2.35E-05
5.97E-05
2.42E-05
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Table 4
Coefficients of Rs dependence on Hrf

Rs = Rso(l +b lHrf+b2Hrf^2)

Sample #
F269
F2721
F2728
F3721

F4719
F4719

F3726
F3729
F4611
F4618
F4719

(2nd harmonic)
(3rd harmonic)
F4726

F4726 (2nd harmonic)
FE12-15

FE12-15 (2nd harmonic)

Rso bl (linear)
2.22E-04 1.09E-01
2.29E-04 2.72E-02
9.43E-05 7.5 1E-02
1.50E-03 2.66E-02
6.61E-04 4.81E-02
1.26E-03 4.76E-02
1.01E-03 6.01E-02
1.68E-04 9.06E-02
2.56E-03 2.73E-02
6.07E-03 2.90E-02
5.18E-03 2.27E-03
2.77E-04 4.65E-02
1.11E-03 1.23E-02
1.62E-04 3.48E-02
1.94E-04 3.30E-02

2 (quadratic)
-1.62E-03
-1.51E-04
-5.29E-04
-2.79E-03
- 1. 10OE-03

-2.40E-03
-2.59E-03
-9.82E-04
-3.1 1E-03
-5.98E-03
6.53E-04
-5.41E-04
7.84E-05
-5.24E-05
-4.87E-04
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From reference 24
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Figure 15
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Typical resonance curve, from which Q is calculated.
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Figure 16

1 2 3 4 5

Hf (Oe)

Rs plot vs Hrf curve of a typical sample with
a high surface resistance (sample #F4719).
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Figure 17

5 10 15 20 25 30

Hrf (Oe)

Rs plot vs Hrf curve of a typical sample with
a high surface resistance (sample #F2728).
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VIII. Appendix

A. Calculations

The measured Q is corrected for insertion losses in the following manner.
Recall:

1/QL=/QU+ 1/Q+ /Q+ /QE'

From [ref 25]:

T = /BQ1QE'
yQL +( C/ ) 2

where T is the transmission power and is equal to the power delivered through the
resonator divided by the incident power. By measuring near the resonant frequency,
the frequency terms cancel. The assumption of QE = QE' can be made since both
external lines are identical and should give the same losses. The insertion loss, IL, can
be measured, and is related to T by:

IL = 10Loglo (T)

Froni this, the corrected Q is shown to be:

A,= QL

The surface resistance of the superconductor was calculated by comparing its Q
with that of a copper sample, which has a known surface resistance.

& =(c )Rc.

where Qsc is the corrected Q measured from the superconducting fiber, and Q"C is the
Q of a copper wire of similar dimensions in the same cavity. The surface resistance of
copper, Rcu, is taken to be 3.30x10 - 3 [31].
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Q. QC1 B superconductor fiber diameter

f copper wire diameter

where fsc and fc are the frequencies at which the Q was measured for the
superconductor and copper wire respectively. The measured Qcu in the cavity used was
1557 at 77 K and 805.7 MHz.

The rf field strength will vary along the conductor, with the maximum field,
Hr,max, at the node of the the resonating wave. This is calculated by [28]:

Hf = - x (0. 01256637 Oe (in Oe)
2 na A/m

where a is the fiber radius, and the radio frequency surface current I, is

= rv - rV)8QP

r = LOg, -(Insertion Loss)

P = Log dB x 10o- 3 (watts)

and [32]

z 60 n1 b ()

E, = 1. 454
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B. R, vs H Dependence
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Sample # F4719
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Sample # F4719 (at 3rd harmonic frequency)
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Sample # F4726
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Sample # FE12-15
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