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Abstract

He have Investigated the rf properties of Mgh-T c

superconductors over a wide range of temperature,
frequency, and rf field amplitude. We have tested
both bulk polycrystalline samples and thick films on
silver substrates. At 150 MHz and 4.2 K, we have mea-
sured a surface resistance of 18 u8 at low rf field
and 3.6 ntf at an rf field of 270 gauss. All samples
showed a strong dependence of the surface resistance
on rf field; however, no breakdown of the supercon-
duc.ng state has been observed up to the highest
field achieved (320 gauss).

Introduction

The surface resistance of superconducting
materials with respect to incident rf electromagnetic
radiation 1s generally nonzero. This is due to the
presence of normal-conducting electrons. Super-
conducting electrons, which are condensed into Cooper
pairs, carry inertia. This Inertia prevents the
paired electrons from completely screening the
electromagnetic field In the conductor on a time scale
which Is short compared to the period of the incident
radiation. Consequently, the normal-conducting
electrons, which have been thermally excited above the
binding energy of a Cooper pair, gain energy from the
residual rf field. They then collide with the lattice
and produce joule losses. •

The surface resistance of high-T^ superconducting
materials Influences many practical applications.
For example, high-power resonant cavities in particle-
bean accelerators operate at rf and microwave frequen-
cies. These cavities require surface resistances
below 50 cQ at Incident rf field levels of several
hundred gauss and frequencies between 0.4 and 1.8 GHz.
Accordingly, the fabrication of h1gh-Tc materials with
the lowest possible rf surface resistance is of utmost
Importance, yet It remains unknown to what extent the
lower limit will depend on materials processing versus
fundamental physics.

In this paper, we examine the surface resistance
of h1gh-Tc materials as a function of temperature,
frequency, and rf field amplitude. Specifically, we
consider the surface resistance of bulk polycrystal-
iine samples and of thick films of YBa2Cu307_x

(hereafter called YBCO) deposited on silver.

Preparation of Samples

In practical applications, She thermal energy
which is deposited In the superconductor due to its
nonzero rf surface resistance must be removed
efficiently. Thermal conductivity in bulk high-Tc
ceramics is relatively low. For example, the thermal
conductivity of YBCO is nominally in the range
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1-5 W/m-K for temperatures 10-90K. Thus, its thermal
conductivity must be aided extrinsically. One possi-
bility is to deposit a high-Tc film on a compatible
substrate of high thermal conductivity. We have found
silver to be an acceptable substrate. It not only has
high thermal conductivity and mechanical strength, but
also is compatiMe with the high-Tc ceramics in Its
chemical properties, adhesion, and thermal expansion
coefficient.

H1gh-Tc superconducting powders of YBCO are
commonly synthesized by a mixed-oxide route, although
sol-gel and co-precipitation methods are also being
explored.6 The starting constituents, BaC03, V2^3» an('
CuO, are mixed and reacted at high temperatures for
several hours. We synthesized phase-pure YBCO
powders, as judged from x-ray analysis, by a series of
calcinations at 900*C and subsequent grinding opera-
tions after each heat treatment.

Thick films are fabricated by applying a slurry
to a substrate. We made thick-film inks by mixing the
YBCO powders in an organic solvent. A dispersant was
used to deflocculate the powder, which resulted in
Inks with superior rheological properties. After
applying the inks to silver substrates, the samples
were cofired in air at 915*C for four hours and slowly
cooled through the tetragonal-orthorhombic transition.

We also fabricated bulk ceramic samples using an
extrusion process. YBCO powder was synthesized and
combined with several organics to form a plastic mass
suitable for wire fabrication. Plate-like particles
tend to align along the extrusion axis due to shear.
Texturing was qualitatively observed from x-ray
analysis and scanning electron micrographs. The c-
axis of the lattice was preferentially aligned in the
radial direction of the extruded rod.

Measurement Techniques

Measurement at 150-450 MHz

The experimental apparatus shown In Fig. 1
consists of a cylindrical copper enclosure, 10 cm in
diameter and 80 cm long, into which a long, thin
cylindrical sample, located inside a fired quartz
tube, Is lowered. The samples consisted of bulk
ceramic rods, as well as an 80 wm-thick film deposited
on a silver wire 0.5 mm in diameter and 57 cm long.
The copper enclosure and quartz tube are filled with
liquid cryogen. The temperature can be varied by
adjusting the vapor pressure above the liquid cryogen.

The rf modes used in the experiments were TEH
modes In which the sample behaves as a resonant
coaxial line, the length of which corresponds to an
integral number of half-wavelengths. In these modes,
most of the losses take place In the center conductor
(the sample), which enables measurement of surface
resistances two ordets of magnitude lower than that of
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Figure 1. Experimental apparatus for measurement of
surface resistance in the frequency range 150-450 MHz.
The sample is a rod which acts as a resonant coaxial
line.

copper (the outer conductor). Details on the measure-
ment technique are provided elsewhere.8

Measurement at 2-4 GHz

The experimental apparatus shown in Fig. 2
consists of a cylindrical copper cavity of inner
dimensions 16.5 cm diameter and 10.7 cm length.
Centered in the top plate is a hole which splits the
degeneracy of the TEOm_ and TMj modes. The
apparatus is evacuated and immersed in liquid cryogen.
Forming most of the bottom surface of the cavity, the
high-T sample is a thick film deposited on a silver
plate 15.2 cm in diameter and 0.32 cm thick. It rests
on a copper plate; thermal contact between the sample
and the copper plate is provided with a layer of
Apiezon-H grease. The copper plate rests on three
G-10 posts and is linked to ambient conditions by a
stainless steel tube. G-10 and stainless steel are
poor thermal conductors; they serve to insulate the
sample from the ambient bath. The temperature of the
copper plate and sample can be controlled with a
heater and measured using diode thermometry.

The rf modes used in the experiments were the
TE01j and TE Q 1 2 modes, for which the resonant frequen-
cies of the cavity were 2.6 GHz and 3.6 GHz, re-
spectively. The surface resistance was determined by
measuring the quality factors 0, of the resonating
cavity with the sample in place and Qc of the
resonating cavity in which the sample is replaced with
a copper plate of the same dimensions. The surface
resistance is then given by

X^X'-X'^o^M—I—E^X'-X'-X^

Figure 2. Experimental apparatus for measurement of
surface resistance in the frequency range 2.6-3.6 GHz.
The sample comprises most of the bottom surface of the
resonant cavity and is thermally insulated from the
cavity.

where p and a are geometric factors:

and a = /Bf,dACu//B|IdAs,

in which AC(J and As refer to the surface areas of the
exposed copper and sample, respectively, in the
apparatus of Fig. 2, and B,, is the component of
magnetic induction parallel td the surface.

This assembly was also used to test long, thin
cylindrical samples cut from the same rods tested at
150-450 MHz. These samples were positioned along the
axis of symmetry using a fired quartz tube which was
lowered through th.- center hole in the top plate. The
interior of the cavity was filled with liquid
nitrogen. The sample was thereby cooled to 77K and
made to resonate in a TEM mode for which the length of
the sample corresponds to one half-wavelength.

An additional, important feature of the experi-
mental design of Fig. 2 is its flexibility for appli-
cation to the study of single crystals. We have built
a similar cavity from niobium which we will use for
measurements of high sensitivity at and above liquid-
helium temperature. The single crystals will he
supported on sapphire rods affixed to the copper
support stand to enable temperature control, and
positioned through holes 1n the bottom plate of the
niobium cavity to coincide with local maxima in the
surface magnetic fields.



Measurement at 29-38 GHz

The experimental apparatus consists of a
cylindrical copper cavity of inner dimensions 1.45 cm
diameter and 1.03 cm length. The design of the top
plate includes a groove around the circumference which
splits the degeneracy of the TE0_- and TMj modes.
The sample was a thick film of rSCO deposited on a
silver disk 1.27 cm in diameter and 0.32 an thick. It
was centered on the bottom plate of the cavity and
positioned so that the thin film was flush with the
cavity surface. Apiezon-N grease was used to provide
good thermal contact between the sample and copper
plate. The cavity was evacuated and immersed in
liquid cryogen. Its temperature was monitored with a
diode sensor attached to the outer surface of the
cavity. The temperature can be varied by adjusting
the vapor pressure above the liquid cryogen.

TE,
The r f modes used in these experiments were the

Oil and TE•012 modes, for which the resonant
frequencies o f ' t he cavity were 29 GHz and 38 GHz,
respectively. The surface resistance was determined
using the same method described above in connection
with the 2-to-4 GHz experiments. The measurements
were also calibrated using a stainless steel sample of
the same dimensions as the high-Tc sample.

We have also bui l t a similar cavity from niobium
for use in sensitive measurements of single crystals
at l iquid helium temperature.

Results

Many samples were characterized at low and high
rf fields, at frequencies between 0.15 and 38 GHz, and
at 4.2 and 77K. Although the low-field surface
resistance of the samples varied somewhat, the high-
field behavior at 204 MHz and 237 MHz was remarkably
similar, as shown in Fig. 3. This behavior was
identical for bulk samples and thick films (80 urn) on
silver wire. The maximum rf fields achieved were
always limited by the availability of rf power. No
breakdown of the superconducting state was observed up
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to 320 gauss. At 4.2K the surface resistance also
showed a field dependence, though it was less
pronounced than at 77X.

Results for a single bulk sample (0.43 mi
diameter, 75 cm long) are summarized in the following
table:

T(K)

100
77
77
77
4.2
4.2

B(gauss)

* J Q . l

M D . l
" • 0 . 1

M).l
M5.1

270

f(HHz)

174
150
300
450
175
175

100

3

,000
37

125
172

18
,600

Regarding this sample, there was a dramatic reduction
by a factor of 2500 in the surface resistance at low
field from Tc to 77K, but it decreased by only another
factor of 2 upon cooling to 4.2K. On the other hand,
the high-field surface resistance at 4.2K was smaller
than it typically is at 77K by an order of magnitude.

These results are plotted in Fig. 4 along with
data from other bulk samples and thick films on
silver. For comparison, values for Cu, Pb, Nb, and
Nb3Sn are also provided. The thick films on silver
wire showed essentially the same behavior as bulk
samples. However, the thick films on silver disks
performed poorly by comparison. The resistance of the
15.2 cm-diameter film at 2.6 GHz dropped by a factor
of 1.5 from room temperature to 77K and only by a
factor of 3 from room temperature to 35K. The
resistance of the 1.27 cm-diameter film at 29-38 GHz
dropped only by a factor of 2 from room temperature to
77K. Both samples were fabricated from the same
slurry; it 1s possible that phase impurities were
present or that oxygenation was incomplete.
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Figure 3. rf field dependence of the surface resistance.
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Figure 4. Frequency dependence of the surface
resistance at low field. "X" denotes bulk rods, "o"
denotes thick films on silver wire, and "•" denotes
thick films on silver plates. The same bulk rods and
wires were tested from 150 MHz to 3 GHz. The films on
silver plates were produced from the same slurry.

Conclusions

We have measured the rf surface resistance of
YBCO over conditions of Interest for high-power rf
applications. Thick films on silver wires showed the
same rf properties as bulk samples. However, thick
films on silver plates performed poorly, Indicating
the possible presence of phase impurities, or that
oxygen was not fully incorporated into the YBCO
structure. Characterization of these samples and
fabrication of new samples of large surface area is a
subject of further research.

While all the samples showed an Increase of
surface resistance with rf field, we measured a
surface resistance of 37 ufiat 77K and 152 MHz in a
bulk sample, which 1s about two orders of magnitude
lower than that of copper at room temperature. No
breakdown of the superconducting state was observed in
this sample up to 320 gauss at 4.2K.

Our results highlight the need to find ways of
further reducing the surface resistance of h1gh-Tc
materials for accelerator applications. Efforts to
improve fabrication center on developing techniques to
optimize: texture, thereby reducing the effects of
grain boundaries; surface passivation, thereby
reducing oxygen loss and environmental contamination;
and structural Integrity, thereby reducing
microcracks. However, these efforts can provide

improved rf properties only to the limit set by the
intrinsic physics of the materials. This fundamental
limit can be experimentally determined only from
measurements of single crystals to ascertain their rf
behavior versus frequency, temperature, and incident
field strength. Thus, in future work, we will not
only continue to study new superconducting materials
and large samples produced with improved fabrication
techniques, but also we will focus on sensitive
measurements of single crystals using niobium cavities
and straightforward revisions of the apparatuses
described here.

This work was supported by the U.S. Department of
Energy under contract W-31-109-ENG-38 and by the
U.S. Army Strategic Defense Command.
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