
IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 48, NO. 5, MAY 2000 791

Laterally Resolved Microwave Surface-Resistance
Measurement of High-Tc Superconductor Samples

by Cavity Substitution Technique
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Abstract—Microwave surface impedance measurement of
a high-temperature superconductor (HTS) is a sensitive probe
to test its quality, particularly if a microwave device is to be
fabricated. Most microwave characterization employs resonance
techniques in which the components of the surface impedance
are extracted from the measured value and the shift in the
resonance frequency. In this paper, we present a modification
of the widely used complete end-plate substitution technique to
measure the surface resistance of samples having dimensions
smaller than the dimension of the end plate at 20 GHz, as well
as to facilitate the laterally resolved surface resistance measure-
ment of large-area HTS samples. From the knowledge of the
electromagnetic-field configuration in aTE011-mode cylindrical
cavity, the loss contribution from the HTS sample is analyzed
theoretically and measured experimentally in the temperature
range of 20–100 K. The design of the cavity is discussed to optimize
the sensitivity of the measurement by the placement of the sample
and to maximize the difference in the measured value.

Index Terms—High-temperature superconductor, microwave
cavity resonator, surface resistance.

I. INTRODUCTION

CHARACTERIZATION of high-temperature supercon-
ductor (HTS) materials at microwave frequencies is of

considerable interest because it not only gives information that
is useful in the design of HTS-based passive devices, but it also
gives useful information to understand the conduction and en-
ergy dissipation mechanisms. The interaction of the microwave
fields and superconductors is experimentally determined by
the measurement of surface impedance . The
real part of , the surface resistance, characterizes the
dissipated microwave power and yields information on the
transport mechanism in superconductors. Technologically,
determines the quality of the microwave devices and circuits
that can be fabricated using HTS material. The imaginary part,
surface reactance , is directly proportional to the magnetic
penetration depth . The temperature dependence of
provides a direct insight into the pairing mechanism of the
superconducting state, when extrinsic effects are eliminated.
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Microwave measurements have been used since the early
stage of superconductivity. Pippard [1] reported the study
of penetration depth in classical superconductors, such as
Pb, using a microwave cavity resonator. Since then, various
configurations with improved precision, sensitivity, and relia-
bility have been employed to study the surface impedance of
superconducting materials [2]. Most of the techniques used
for measurement are resonant methods [3]–[7] where
is calculated from the measured quality factor of a resonating
structure. In the cylindrical-cavity end-plate substitution tech-
nique, the surface resistance of the sample is extracted from the
measured value of the mode cavity without and with
the sample substituting one of the end plates. The size of the
sample that can completely substitute the end plate decides the
frequency of operation of such a cavity. For the measurement
of the samples of HTS thin films usually deposited on 10 mm

10 mm substrates, the cavities are designed at frequencies
greater than 40 GHz. In [8] and [9], we reported measurement
of the surface resistance of HTS samples of dimensions smaller
than the cavity end plate, by the partial end-plate substitution
technique at 10 and 20 GHz. In this method, the sample of
radius substitutes a circularly symmetric opening
at the center of the end plate of the cavity. The expression
for extracting from the measurement is modified by
separately calculating the losses due to the sample exposed
to the microwaves. A similar method of measurement is also
employed by Silvaet al. [10] to measure the surface resistance
of Bi : 221 2 thin films of different areas by shadowing the
sample with a thin metal mask. Moreover, our method can
also be employed for the mapping to deduce the lateral
homogeneity over large-area HTS thin films using masks with
different circular openings on top of it. The laterally resolved

measurement provides very important information for
control of lateral homogeneity of thin film deposition process
[11].

In this paper, we report laterally resolved surface resistance
measurement of YBCO bulk and thin films by the cavity res-
onator technique at 20 GHz. An expression to extract the
value from the measured unloadedvalue of the cavity-con-
taining sample, having dimension smaller than its end plate, has
been obtained from -mode electromagnetic-field config-
uration inside a cavity using proper boundary conditions. Fi-
nally, the expression is used to analyze theoretically the depen-
dence of sensitivity of the measurement on the size of the sample
as well as on the aspect ratio of the cavity, where and
are, respectively, the radius and length of the cylindrical cavity.
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II. CAVITY RESONATORTECHNIQUE

Cylindrical cavity resonators have been extensively used for
measuring the microwave properties of an HTS. Two different
measurement schemes based on different principles are em-
ployed for this purpose: 1) perturbing the electromagnetic field
by placing the sample at the position of the maximum electric
or magnetic field inside the cavity, i.e., the cavity perturbation
technique [7] and 2) substituting the end wall of the cavity by
the sample, i.e., the complete end-plate substitution technique
[6]. In both of the techniques, the surface resistance of the
sample is estimated from the change in the unloadedvalue
of the cavity with and without the sample. The unloaded
value is the figure-of-merit for assessing the performance
or quality of a resonator, defined as

where is the resonant frequency, is the total energy stored,
and is the average power loss. In the case of a hollow cavity
resonator, power dissipates only due to conduction loss that
arises as a result of finite conductivity of the cavity walls. The
dielectric and radiation loss are negligible compared to the con-
ductive loss, therefore, can be expressed as

(1)

where is the surface resistance of the material of the walls
of the cavity. is the permittivity of the medium enclosed (free
space) by the cavity walls. is the surface current for perfectly
conducting walls and can be deduced from the component of the
magnetic field parallel to the surface of the cavity wall by the
relation

(2)

where is the unit vector normal to the surface of the cavity
wall. Modes of cylindrical cavity resonator of lengthare des-
ignated as or with

where is the appropriate cutoff wavelength,
is the velocity of light, and is the number of half-wavelengths
along the axis of the cavity. The modes of a circular cylindrical
cavity are characterized by the radial and azimuthal dependence
of the longitudinal component of field. Generally, the cylindrical
cavities operating at mode have been extensively used
to characterize the HTS materials at microwave frequencies.
The cylindrical body being fabricated from a good conductor
or low-temperature superconductor (LTS) [7]. The selection of
the mode for the measurement is made due to the fol-
lowing reasons.

1) Accurate measurement of surface resistance requires the
value of unloaded quality factor to be as high as pos-
sible and the losses due to introduction of the specimen
should be measurable. In a right cylindrical cavity, the

smallest volume cavity has a mode for a given
and .

2) The electromagnetic-field configuration inside the cavity
with the mode is such that the electric field is en-
tirely azimuthal with no radial component. As long as cir-
cular symmetry is preserved, no currents flow normal to
the cylindrical axis, thus allowing replacement of the end
plate without disturbing the current and electromagnetic
field distribution in the cavity.

3) modes are axially symmetric, which makes them
suitable to use for studying the microwave properties of
HTS thin films and bulk samples by a partial end-plate
substitution technique.

The resonance frequency of the mode in a cylin-
drical cavity resonator can be calculated from the relation

(3)

where and , is the
first zero of the first derivative of the Bessel function of the first
kind and order zero.

III. A NALYSIS OF CYLINDRICAL CAVITY FOR

END-PLATE SUBSTITUTION

The quantitative analysis of the -mode cylindrical
cavity is well known and commonly used for measurement.
However, for the special case of substituting a sample of
dimension smaller than the end plate, the field equations need
to be analyzed to evaluate the losses introduced by the sample.
As the sample replaces the end-wall material symmetrically
from its center, the introduction of the sample in the cavity will
not effect the electromagnetic-field configuration or resonance
frequency, which may happen due to the position of the sample
when not placed symmetrically inside the cavity.

Consider a cylindrical cavity of radiusand length whose
top end plate, cylindrical sidewalls, and bottom end-plate mate-
rials have surface resistance values, , and , respec-
tively. The center of the bottom end plate is substituted by the
sample under investigation having radius “” with surface re-
sistance value , as shown in Fig. 1. The electromag-
netic-field configuration of the mode in a cylindrical
cavity is given by [12]

(4a)

(4b)

(4c)

(4d)

where and are the Bessel functions of the first
kind and order zero and the derivative of the Bessel function of
the first kind and order zero, respectively.



MISRA et al.: MICROWAVE SURFACE-RESISTANCE MEASUREMENT OF HIGH- SUPERCONDUCTOR SAMPLES 793

Fig. 1. TE -mode electromagnetic-field configuration and RF current
distribution at the end plate of cylindrical cavity resonator.

The average energy stored inside the cavity and ohmic
loss in the walls of the cavity are obtained using (4); applying
boundary conditions yields the general expression for the un-
loaded quality factor of a -mode cylindrical cavity
containing a sample as (see the Appendix)

(5)

where is the impedance of free space and

(6)

The above equation gives the unloadedvalue of a cylin-
drical cavity, containing a sample, in terms of its dimensions
and the surface resistance values of its walls. Let us consider
the practical case that, except for the sample portion, all other
walls of the cavity are made of copper having surface resistance

, then . The unloaded value
of the cavity containing a sample can then be written as

(7)

which can be simplified as

(8)

where

(9)

and

(10)

Here, can be termed as the geometrical factor of the total
cavity and as the geometrical factor of the sample inside
the cavity. The surface resistance of the sample can be
evaluated from the measured unloadedvalue using (8) as

(11)

or using , the measured unloaded value of
the homogeneous copper cavity

(12)

The above relation gives the measure of the surface resistance of
the sample in terms of the measured unloadedvalues of all the
copper cavity and the cavity with a sample . However,
for HTS thin films, Kleinet al. [13] pointed out that the thick-
ness of film compared to the penetration depth is crucial
to distinguish between the effective (measured) surface resis-
tance and the characteristic (intrinsic) surface resis-
tance of the film. The determination of requires a cor-
rection in experimentally measured of the thin films.
Hartemann [14] used conventional transmission-line theory and
a two-fluid model to obtain a relation between and
and showed that for thickness of film , a film practically be-
haves as a bulk material.

IV. SENSITIVITY AND CAVITY DESIGN PARAMETERS

In this section, we shall discuss the dependence of sensitivity
of the measurement on the size of the sample as well as on the
aspect ratio of the cavity keeping in mind that the HTS
thin films are usually deposited on a 10 mm10 mm substrate.
In this discussion, we consider the following three cases:

1) complete end-plate substitution of the -mode
cavity by a sample of size 9.6-mm diameter;

2) partial end-plate substitution in which a sample of
9.6-mm diameter concentrically substitute a portion of
the end plate of the -mode cavity operating at
20 GHz;

3) laterally resolved measurement of the HTS sample
by exposing different area of the sample to microwaves
inside the cavity operating at 20 GHz.

The measurement sensitivity of any resonant technique is pri-
marily determined by the value of the resonant structure and
is directly related to the dynamic range of thevalue for the
change in . The sensitivity of the measurement by the
cavity end-plate substitution technique depends on the aspect
ratio , size of the sample, and surface resistance of the
walls of the cavity. One can expect that with a decrease in the
surface resistance of the sample, thevalue of the cavity will
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increase proportionally and can easily be calculated
from the measured difference in thevalues of the cavity with
and without the sample. However, it is not the case; actually, the

value of the cavity with a sample will increase only up to a
certain low value of and, thereafter, it will tend to satu-
rate since the relative ohmic loss in the metallic part of the cavity
dominates and solely decides thevalue. The value saturates
to a value, i.e., the value of the cavity with a lossless
sample and can be expressed by substituting in
(8) as

(13)

The value depends on the geometrical factors of the cavity
and the sample, and the mode of the cavity. The depen-
dence of the dynamic range of the value for the change in

is reflected in the behavior of as
a function of . Similar to the above discussion,

initially increases and tend to saturate to a
value , which is defined as the figure-of-merit of the mea-
surement [15], which can be expressed as

(14)

Increase in the value of means an increase in the sensitivity
of the measurement, as for a large value of , saturation in

starts at the lower value of the , which
gives better dynamic range of thevalue of the cavity for the
change in the value of the sample [9], [15]. This will become
clearer as we discuss the specific case.

A. Complete End-Plate Substitution Technique

Considering the case of measurement of HTS thin films
deposited on a 10 mm 10 mm substrate, we evaluated

as a function of for a sample of a fixed
diameter of 9.6 mm, which completely substitutes the end plate
of the cavity. The analysis of a mode chart for cylindrical cav-
ities [16] shows that for the square of aspect ratios (SAR’s) in
the range of to , other modes are
out of the vicinity of the mode. Fig. 2 shows the calcu-
lated as a function of for a
fixed cavity diameter ( mm) and value (at 77 K)
for the range of the SAR, . It shows that

increases as decreases and tends to
saturate to a value at a lower value of with an in-
creasing SAR. This, in fact, is due to the decrease in the loss con-
tribution by the lateral walls of the cavity with the decrease in
the length of the cavity. Saturation occurs at lower for
a larger value of , giving larger dynamic range in value
and, therefore, more sensitive measurement. The ultimate mea-
surement sensitivity will depend on the observable change in
value with a fractional change in and can be roughly
estimated by the point of intersection of the tangents drawn on
the curve shown in Fig. 2. Table I shows the computedvalues
of cavity, geometrical factors, , and sensitivity for different
SAR value. The inset in Fig. 2 shows the plot of as a func-
tion of the SAR. It shows that highest sensitivity is achieved for

Fig. 2. Theoretically computed normalized change in theQ value jQ �
Q j=Q as a function ofR =R for a cavity of 9.6-mm diameter
for the range of the SAR2 � SAR � 4:25. The inset shows the change in
F (d) and resonant frequencyf as a function of the SAR.

the largest value of SAR , which, for a 9.6-mm diam-
eter cavity, gives the resonance frequency of a mode at
47.62 GHz. However, this is at the cost of and values
(see Table I). decreases significantly for ,
hence, one needs to compromise in selecting the value of the as-
pect ratio and maintain a balance betweenvalues and .
Thus, for the mode of a 9.6-mm-diameter cavity, max-
imum value of the SAR would yield a maximum sensitivity limit
of 13% of the value for a single end-plate substitution.

The practical application for HTS microwave devices has
been identified in the frequency range of 1–20 GHz. According
to the two-fluid model [17], of superconductors scales
quadratic with frequency . Experimentally, it has
been observed [18] that the exponentof need not
necessarily be “2” for the HTS, rather it lies in the range of
1.2–1.7. It is, therefore, desirable to measure the characteristics
of the HTS by the system operating at the frequency of interest.

B. Partial End-Plate Substitution Technique

Using a cavity resonator the measurement of HTS thin
films (10 mm 10 mm) at low frequencies can be made by
a partial end-plate substitution technique. In this method, the
sample is embedded at the center of the end plate of the cavity
and has a circularly symmetric exposure to microwaves using an
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TABLE I
THEORETICALLY CALCULATED PARAMETERS FORCOMPLETE ENDPLATE SUBSTITUTION TECHNIQUE FORSAMPLE AT 77 K

(DIAMETER OF THE SAMPLE = 9:6 mm)

Fig. 3. Schematic diagram of partial end-plate substitution technique in a
cylindrical copper cavity.

annular laminar mask (opening diameter ) on top of it, as
shown in Fig. 3. We considered the opening diameter of 9.6 mm
for the HTS thin films deposited on a 10 mm10 mm substrate
to prevent exposure of the edges of the thin film. Fig. 4 shows
the variation of as a function of
for at 20 GHz for the sample of fixed diam-
eter mm. It shows that increases
as decreases and tends to saturate at lower
with an increase in the SAR value up to 3.5. Further increase
in the SAR reverses the trend and saturation begins at a higher
value of . The inset in Fig. 4 shows a peak in
near the , suggesting maximum measurement sensi-
tivity, although the dynamic range of the value of the cavity
for change in the value of the sample is almost the same for
the SAR between 3–4.25. The difference between the behavior
of in the complete end-plate substitution technique (inset
of Fig. 2) and this technique is due to the value that de-
pends on the loss contribution by the sample area in the total

Fig. 4. Theoretically computed normalized change in theQ value jQ �
Q j=Q as a function ofR =R for 2 � SAR � 4:25 at 20 GHz
for the sample of fixed diameter2d = 9:6 mm. The inset shows the change in
F (d) as a function of the SAR.
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TABLE II
THEORETICALLY CALCULATED PARAMETERS FORPARTIAL ENDPLATE SUBSTITUTION TECHNIQUE IN A 20-GHz CAVITY AT 77 K

(DIAMETER OF THE SAMPLE (2d) = 9:6 mm)

conductive losses of the cavity. In the case of complete end-plate
substitution, the contribution of the end plate in the total con-
ductive loss of the cavity increases with an increase in the SAR,
giving a monotonic increase in the value. Whereas in the
partial end-plate substitution technique, the sample only sub-
stitutes a central part of the end plate and, therefore, the loss
contribution by the sample portion also depends on the current
distribution at the end plate, as shown in Table II. For the
mode, the region of maximum current density at the end plate
lies nearly half of the radial distance from the center, and the
loss contribution by the sample area will significantly depends
on the coverage of this region by it. In this particular case of
a cavity operating at 20 GHz with mm, the differ-
ence in values (i.e., ) increases with increase in
cavity diameter up to the value of 23 mm (for )
due to an increase in the loss contribution by the sample part
resulting from the increasing strength of the current in the end
plate and, hence, in the sample area. Further increase in the di-
ameter of the end plate moves the region of maximum current
density away from its center, and that reduces the coverage of
the maximum current region in the sample area, resulting in low-
ering the ( ) value. The analysis suggests that, for the
cavity under consideration mm and will
provide a maximum sensitivity limit (38% of value) with
an optimum value.

C. Laterally Resolved Measurement

Laterally resolved measurement of the HTS sample can
be done by exposing the different areas of the sample to mi-
crowaves through laminar masks of different openings inside the
cavity, as shown in Fig. 4. However, by exposing sample areas
that are smaller than the cavity diameter, the sensitivity is re-
duced due to the fact that a smaller percentage of the total cavity
surface area has been replaced compared to the complete end-
plate substitution. Fig. 5 shows calculations of

Fig. 5. Theoretically computed normalized change in theQ value jQ �
Q j=Q as a function ofR =R for different areas of a sample
exposed to microwaves inside the cavity The inset shows the change inF (d) as
a function of the area of the sample exposed to microwaves inside the cavity.

as a function of for the different areas of the
sample ( ) exposed to microwaves inside cavity operating at
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TABLE III
THEORETICALLY CALCULATED PARAMETERS FORLATERALLY RESOLVED SURFACE-RESISTANCEMEASUREMENT BY PARTIAL ENDPLATE SUBSTITUTION

TECHNIQUE IN A 20-GHz CAVITY AT 77 K (Q = 27860,G = 716 
)

20 GHz and having dimensions mm, mm
with m (at 20 GHz and 77K). It shows that

increases as decreases and satu-
rates at the lower value with an increase in the ex-
posed area of the sample due to increase in the loss contribu-
tion by the sample. It is to be noted that the saturation value of

increases appreciably for the exposed area
having the radius approximately greater than half of the ra-
dius of the end plate, which is due to the increment in the cov-
erage of the maximum current area by the sample, as shown
in Table III. As seen from the table, the maximum sensitivity
limit, as expected, would be achieved for the complete end-plate
substitution and decreases as the area of the sample exposed to
microwaves decreases. It also shows that, for the sample area

5.0-mm diameter, the loss contribution by the sample is almost
negligible and it is not possible to observe change in thevalue
due to the sample. However, Wosiket al.[15] reported the mea-
surement of YBCO single crystals of 2.0-mm-diameter size by
the partial end-plate substitution technique, but the cavity used
for measurement was operated at 80 GHz.

V. EXPERIMENTAL

Considering the measurement of 10 mm 10 mm HTS
thin films, we selected the dimensions of the -mode
20-GHz cavity as mm and mm for

. The cavity is fabricated in three modules, the
circular top plate, cylindrical, and a circular base plate having
the same dimensions as the cold finger platform (40 mm).
All parts of cavity are well polished and then silver plated to
improve the surface smoothness. A mode trap in the form of
a groove in the top plate is designed to shift the degenerate

mode to a lower frequency. Microwave power coupling
is achieved by SMA to waveguide adapter connection through
diametrically opposite iris holes, of diameter 3.5 mm, at the
center of the lateral wall of the cavity. The waveguide couples
to the magnetic field of the resonant mode of the cavity through
iris holes.

Measurements were carried out by complete end-plate substi-
tution for YBCO bulk samples (25-mm diameter), prepared by
the conventional solid-state technique, and for Ag-doped YBCO
thin films on LaAlO (10 mm 10 mm) substrate prepared by
pulsed laser deposition technique [19] by partial end-plate sub-
stitution. The dc transition temperatures of the samples were
around 90 K. The thin film was embedded in the bottom end
plate of the cavity and silver-coated copper mask of 9.6-mm
inner diameter was properly placed on top of it, as shown in
Fig. 3. At the mode, the microwave current flows along
the surface of the sample and there is no penetration of the mi-
crowave field from the edges of the mask. The annular mask
through which the sample was exposed to microwaves also acts
as a mode trap. The mask was properly aligned to maintain con-
centricity inside the cavity and to avoid any air gap to prevent
microwave leakage. The whole assembly after loading on the
cryo-cooler was enclosed in a glass dome and evacuated before
pumping to reduce the temperature. Microwaves to the resonator
are swept using an HP 8350 sweeper with an HP 83595 plug-in
and the transmitter output is analyzed by an HP 8757D scalar
network analyzer. The unloadedvalue of the resonator is ob-
tained using the relation

where is the measured loaded value ( ) and
is the insertion loss (in decibels) at the resonance frequency

in the transmission mode, and is the measured 3-dB
bandwidth. The characteristic parameters were measured in
the temperature range of 20–100 K recorded by a calibrated
carbon glass resistance (CGR) temperature sensor fixed in
the vicinity of the sample. To minimize error in the temper-
ature measurements, an indium sheet has been used at the
cold finger–cavity interface. The laterally resolved surface
resistance measurements of the bulk and thin-film samples
were carried out by exposing the sample to the microwaves
through silver-coated copper laminar masks of different inner
diameters. In addition, the cavity is carefully calibrated, with
each mask, at each temperature point.
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Fig. 6. Measured unloadedQ valueQ and deduced surface resistance
R of a YBCO bulk sample completely substituting the end plate and
that of a YBCO thin film substituting 9.6 mm of the cavity end plate, as a
function of temperature at 20 GHz.

VI. RESULTS AND DISCUSSION

Fig. 6 displays the typical temperature variation of the mea-
sured value and the extracted surface resistance for a
YBCO bulk sample and a thin film at 20 GHz and in the tempera-
ture range of 20–100 K. The bulk sample completely substituted
the end plate of the cavity, whereas the thin film was measured by
exposing it to microwaves through a laminar mask of 9.6-mm di-
ameter. Both samples show a monotonic behavior above. The

onsetand transitionwidth measured from the behavior
is almost the same as that measured by susceptibility measure-
ments. In the regionbelow , the relativechanges in decrease
andsaturate toa finite residualvaluealthough the transitionwidth
of the bulk sample is relatively higher than that of the thin film.
Thesurface resistanceof thebulksample is23.1mat77Kand
20 GHz. This value of corresponds to 5.77 mat 10 GHz as-
sumingquadratic frequencydependenceofand iscomparable
to the best-reported value in a polycrystalline bulk sample. In the
case of a thin film near the superconducting transition ,

decreases sharply down to the temperature 55 K due to the
rapid condensation of the normal electrons into superconducting
state. Between the temperatures of 55 and 40 K,decreases
slowly, which is attributed to an increase in the mean free path of
quasi-particles or corresponding reduction in the quasi-particle
scattering rate at around [20]. The lowest value measured
is 1.6 m at 20 K. The measured sensitivity is important below
the crossover temperature where is lower than the

Fig. 7. Measured variation of(Q �Q ) and deduced surface resistance of
a YBCO bulk sample with a different area of the sample exposed to microwaves
inside the cavity at temperatures 77 and 40 K and frequency 20 GHz.

value, which, for the bulk sample, is 74 K and that of thin film is
84 K.

Fig. 7 shows the change in the unloadedvalue of the cavity
containing a bulk YBCO sample and the extracted value
of the sample as a function of the area of the sample exposed
to the microwave inside cavity through laminar masks having
different inner diameters. The laterally resolvedvalues of the
sample ranges between (23.71 m ) at 77 K and (14 1 m )
at 40 K. Fig. 8 shows the change in the unloadedvalue of the
cavity containing a thin film with respect to that of the cavity
containing a copper sample and the extractedvalue of the
sample at temperatures 77 and 40 K as a function of the area of
the sample exposed to the microwaves inside the cavity through
annular masks having inner diameters 5.0, 7.5, and 9.6 mm. The
laterally resolved values of the sample for different exposed
area ranges between (1.60.12 m ) at 40 K and (9.6 0.2 m )
at 77 K. The relative measurement variation in the case of bulk
sample is more than that of a thin film, which can be expected
since the film surface is smoother than that of the bulk sample.

Resonators are based on the idea that the change in the reso-
nant frequency can be related to the imaginary part of the sur-
face impedance, i.e., the surface reactance[21]. In super-
conductors, is directly proportional to the magnetic penetra-
tion depth . Measurement of using the end-plate substitution
technique has also been reported [6] in some cases. However,
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Fig. 8. Measured variation of(Q � Q ) and deduced surface resistance
of a YBCO thin film with a different area of the sample exposed to microwaves
inside the cavity at temperatures 77 and 40 K and frequency 20 GHz.

it is pertinent that the change in frequency due to the size ef-
fect and change in conductivity of the material of cavity be sub-
tracted to extract the change due to the sample. In the end-plate
substitution technique, the observed change in frequency could
not determine the temperature dependence ofsince the change
in frequency due to background is more pronounced. Therefore,
the measurement of could not be included.

The sensitivity of measurement, by complete end-plate sub-
stitution or partial substitution technique can be improved by:
1) increasing , which depends on the loss contribution by
the sample portion and 2) using cavities made of supercon-
ducting materials, which increases the value, and sen-
sitivity improves due to the lower value in the ratio

. Substituting both the end plates of the cavity
by test samples having similar values would improve
the measurement sensitivity. Taking the 20-GHz cavity, as dis-
cussed above, and completely substituting both the end plates
by samples the estimated is 1.03, which shows a signifi-
cant improvement over the case where only one end plate of the
cavity is completely substituted by the sample. Another possi-
bility is to use higher modes of the cavity, e.g., , ,
for which the conductive losses in the end plate of the cavity
are more significant than those for the mode [15]. Also,
in a right cylindrical cavity, the value of the mode is
more sensitive to the surface resistance of the end plate than that
for the mode [22]. However, the selection of the

mode for the measurement of surface resistance by an end-plate
substitution method is restricted due to the strong radial currents
crossing the end wall–cavity interface. However, using
mode does not allow characterizing the materials as a function
of the external magnetic field.

The other way of improving the sensitivity of measurement
is by replacing the copper cavity by a superconducting niobium
cavity whose surface resistance is much smaller than that of
copper. Considering the geometry of the cavity under discussion
having a sensitivity of measuring up to 20% of the

value will give the measurable limit of 5 of
with the dynamic range of the value of 9.8
10 for superconducting niobium cavity with at
4.2 K and 20 GHz. The disadvantage of using all of the Nb cavity
for end-plate substitution is that the measurement of
can be made only at or below of niobium, i.e., below 9.2 K.
However, Sridhar and Kennedy have made measurements of

to higher temperatures using an Nb cavity through a
different approach, i.e., the cavity perturbation technique [7].
The technique allows variation in the temperature of the sample
while maintaining the constant cavity temperature (4.2 K). How-
ever, the measurement is limited only to small-sized samples.
Alternately, an all-HTS cavity can be fabricated either from a
bulk HTS cylinder or coating thick or thin films on the walls of a
supporting substrate material [23]. The measurement sensitivity
in the case of end-plate substitution would be improved provided
the value is lower than that of the host cavity so that the
measured difference in thevalue is measurable.

VII. CONCLUSION

An expression for the value of the cavity has been
derived as a function of the dimensions of the sample substituted
in the end wall of the cavity by solving the electromagnetic-field
equationsusingboundaryconditions.This facilitates the laterally
resolved measurement of the HTS samples. The sensitivity of
the measurement is evaluated for the case of complete end-plate
substitutionaswellaspartialend-platesubstitution.Acylindrical

mode copper cavity is designed and fabricated to measure
the surface resistance of bulk and thin films of an HTS at 20 GHz
by selecting the dimensions that yields maximum sensitivity for
measurement of 10 mm10 mm samples. The result of the anal-
ysis shows that complete end-plate substitution yields sensitivity
limit of 20% of value. As the size of the sample is reduced,
the loss contribution by the sample to the total cavity losses re-
duces and, consequently, the limit of sensitivity increases; for the
samples of dimensions less than a 5.0-mm diameter, it becomes
impossible to accurately determine the value of the sample
within the possible measurements error.

APPENDIX

DERIVATION OF THE UNLOADED -VALUE OF THE

CYLINDRICAL CAVITY RESONATOR FOR THEPARTIAL

END-PLATE SUBSTITUTION OF THESAMPLE

The total energy stored inside the cavity can be expressed
as

(A1)
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(A7)

using (4a) and integrating using boundary conditions

(A2)

In a hollow cavity resonator, power dissipates only due to the
conduction loss that results from the finite conductivity of the
cavity walls and that of the superconductor sample. The total
power dissipation in the cavity is expressed as the power
dissipation in the walls of the top end plate, sidewalls ,
metallic portion of the bottom end plate , and the sample

as

(A3)

The conductive power loss in the various parts of the cavity can
be obtained by using (2) and (4) with proper boundary condi-
tions as

(A4)

where , , and are the surface resistance values of ma-
terial of the top plate, sidewalls, and bottom plate of the cavity,
and is the surface resistance of the sample substituting
the bottom end plate of the cavity. The solution of (A4) yields

(A5)

where

(A6)

Substituting the values of and from (A2) and (A5) in
(1), the unloaded value of the cavity containing the sample

value can be expressed as shown in (A7), at the top of this
page. Solving (A7) yields

(A8)

where is the impedance of free space.
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