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A system has been developed for measuring the complex permittivities of low loss ceramic materials

at frequencies from 2

to 20 GHz and over a temperature range 20—1000 °C. The measurement

technique involves.a modified version of the conventional cavity perturbation method. Details of the
design and fabrication of the circular cylindrical cavity and the input and output coupling
transmission lines are discussed. Particular features related to high-temperature operation and
temperature cycling are described. Data are presented for an illustrative measurement of the
complex microwave dielectric properties of NaCl single crystals between 20 and 400 °C. The
experimental results are in excellent agreement with theoretical models. © 1995 American Institute

of Physics.

I. INTRODUCTION

An understanding of the fundamental physical mecha-
nisms of interaction between microwave-frequency electro-
magnetic radiation and crystalline solids is crucial to the de-
velopment of predictive capabilities having an’ impact on
several materials applications of growing interest and impor-
tance, namely (1) microwave processing of ceramics {e.g.,
sintering, bonding), (2) complex dielectric properties of ce-
ramic substrate materials for microwave and high-speed digi-
tal circuits (microwave circuit substrates and integrated cir-
cuit packaging), and (3) materials selection and fabrication
for window and insulator structures in high power coherent
microwave sources employed in conventional power tube
markets as well as research enterprises such as high-energy
physms accelerators and fusion plasma experiments. To ac-
complish these goals, it is necessary to develop a measure-
ment system to accurately determine the microwave dielec-
tric properties of low loss ceramic materials over a broad
range of temperatures and frequencies.

In this paper, we describe the design and performance of
a system for measuring the complex dielectric constant of
low loss ceramics in 2—-20 GHz microwave regime. The spe-
cific demonstrated capabilities include a minimum measur-
able loss tangent tan $~107> and a temperature range of
20-400 °C (minor straightforward modifications described
Iater extend the maximum temperature up to 1000 °C).

. THEORY OF THE MEASUREMENTS

The system described in this paper determines the com-
plex dielectric.constant of low loss samples and is based on
the cavity perturbation method. This technique has been ex-
tensively employed for studying the dielectric propertles of

- materials in the microwave-frequency regime.!™ In our sys-
tem, a circular cylindrical cavity is used as the resonator into
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which cylindrical rod-shaped samples are inserted along the
cavity axis. The intensity of the electromagnetic field inside
the cavity is determined by the input power and the cavity Q
factor. The real part of the complex dielectric constant €' of
an inserted sample is determined from the shift of the reso-
nant frequency of the cavity due to the presence of the
sample, while the imaginary part €’ (representing microwave
energy absorption by the sample) is obtained by measuring
the change of the Q factor of the cavity induced by insertion
of the sample. In conventional cavity perturbation analysis,
€' and €’ are calculated from the resonant frequency shift and
the change in cavity Q, respectively, using the formulas-

Af ‘
€=1- Cﬁ ¢))
and
e"=C (—l——i) (2)
Q Qp

In Egs. (1) and (2), Q and Q, are the quality factors of the
cavity with and without the sample, respectively, and C is a
constant depending on the cavity configuration, mode struc-
ture, and sample shape. For a specific experimental configu-
ration C can be either calculated analytically assuming sev-
eral approximations>® or determined experimentally by
calibration with a known material as the sample.

The validity of the conventional method embodied by
Egs. (1) and (2) and the approximate calculation of constant
C>5 assumes the sample is sufficiently small to have negli-
gible effect on the cavity fields.

For many of the applications cited earlier, the materials
of interest include crystalline solids that may be difficult to
fabricate into sufficiently small samples to satisfy the size
requirements of the conventional cavity perturbation method.
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FIG. 1. Schematic of the experimental system.

To solve this problem, an extended version of the cavity
perturbation method has been developed and tested for cir-
cular cylindrical cavities resonating in TMy,, modes. This
extended version of cavity perturbation allows for thicker
samples for which the conventional analysis would yield
considerable errors, especially for €. In the improved
method, € is determined from the resonant mode frequency
shift data and an exact solution of the dispersion relation for
the sample-filled cavity [instead of Eq. (1)]. Equation (2) is
still used to obtain €’ from the measured values of Q and Q
(the sample-inserted and empty cavity quality factors, re-
spectively). However, the calculation of C is done in a more
exact form than in previous approaches, and hence a more
accurate value for ¢’ is obtained. A more detailed discussion
of the theoretical details are in preparation and will be sub-
mitted as a future publication.

lii. DESCRIPTION OF THE MEASUREMENT SYSTEM

A schematic of the system configuration is illustrated in
Fig. 1. A Hewlett—Packard 8637A synthesized signal genera-
tor is used as the microwave source. It provides 10 mW of
power over a frequency range of 2-26 GHz that can be
covered in discrete increments as small as 1 kHz. Two low-
noise, high gain microwave amplifiers (one covering 2—6
~and the other covering 6—18 GHz) increase the microwave
- power of 10 mW up to 1 W.

To span a frequency range of 2—18 GHz, two circular
cavities resonating in several TM,,, modes are employed.
Two cavities are required since it was discovered that only
the first three modes (TMy;g, TMyyg, and TMys,) were usable
in each cavity. Higher-order modes (i.e., TMy,,5, n=4) were
found to overlap with other nearby, densely spaced modes,
rendering it difficult to clearly ascertain their resonance line-
shape properties. Each cavity is a right circular cylinder, one
with an internal radius of 5.22 cm and a height of 2 cm the
other having an internal radius of 2.3 cm and a height of 1
cm. The larger cavity’s first three eigenfrequencies are ap-
proximately 2, 5, and 8 GHz, while the smaller cavity’s first
three eigenfrequencies are approximately 5, 11, and 18 GHz.
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FIG. 2. Schematic of the cavity assembly.

The redundancy at 5 GHz was intentional to cross-check that
both cavities yield identical data at 5 GHz. For initial mea-
surements, prototype cavities were fabricated from copper.

Cavity Q is determined from the linewidth (full width
half maximum) of the two-port transmission coefficient be-
tween two coupling loop antennas. The two antennas are
inserted through diametrically opposed small holes in the
sides of the cavity and weakly couple the cavity to two
shielded, two-wire transmission lines, as indicated in Fig. 2.
The diameter of each transmission line is 3.175 mm and the
diameters of the loops are approximately 2 mm for the larger
cavity and 1.5 mm for the smaller cavity. Internal access to
the prototype cavities was provided by having removable
lids, as shown in Fig. 2.

In working with the prototype cavities, it was deter-
mined that two design features were critical for reliable op-
eration. First, an excellent and unchanging ohmic contact is
required between the lid and the cavity body. One technique
that was found to significantly improve this electrical contact
was to compress a piece of thin gold wire (0.1 mm diameter)
between the lid and the cavity body. Second, a precise posi-
tioning of the loop anmtennas for extremely weak (but non-
zero) coupling is necessary to ensure that the measured cav-
ity Q is as close to the unloaded Q as practical. Even very
small eigenmode field perturbations caused by insertion of a
dielectric sample (through a small hole in the lid) can unac-
ceptably distort the eigénfrequency line shapes if the
antenna—cavity coupling is not sufficiently weak. The com-
bination of the 30 dB (1 W maximum output) microwave
amplifier(s) and a low-noise preamplifier (10° gain, dc-1
MHz) after the crystal diode detector were found adequate to
compensate for the weak signals associated with the very
weak cavity coupling. The set screws indicated in Fig. 2
serve the function of fixing the positions of the antenna
loops, once an acceptably weak coupling is empirically de-
termined.

Observing variations in € and €' over large dynamic
temperature ranges represents an important tool for deter-
mining the physical mechanisms that are responsible for the
complex dielectric behavior of solid materials.” Conse-
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quently, considerable attention was focused on system design
features that ensured repeatable, reliable operation at high
temperatures and under conditions of regular thermal cy-
cling. For example, except for the piece of gold wire, all
cavity components were fabricated from either copper or
stainless steel, due to the similar coefficients of thermal ex-
pansion between these two materials. The rigid two-wire
transmission lines feeding the coupling loops were custom
fabricated for high-temperature operation from copper wire
for the transmission line, double-bore alumina tubing for the
dielectric, and thin copper tubing for electromagnetic shield-
ing. Stainless-steel lock washers were placed under the screw
heads (Fig. 2) to act as compression springs, thereby allevi-
ating hysteresis in the lid—body mechanical spacing due to
differential expansion, contraction, and stress relief during
thermal cycling. Placing the set screws for the rigid transmis-
sion lines directly on the cavity body (rather than on an
external mechanical support) was found necessary to avoid
relative positional shifting of the coupling loops (causing
shifts in cavity coupling) during cycling between 20 and
400 °C.

To ensure that the specimen is isothermal, the entire cav-
ity is resistively heated by ohmic heating rings on the top and
bottom (Fig. 1), and the entire assembly is enclosed in
pressed ceramic fiber board insulation. To avoid oxidation of
the hot cavity, the assembly is also placed in controlled gas
conditions (typically, a 10 mTorr vacuum is found adequate).
It was also found necessary to prebake all insulation materi-
als in order to burn-out organic binders that would otherwise
leave carbon deposits on exposed cavity and dielectric
sample surfaces as the system was heated to high tempera-
tures. The heater element power supply was converted to a
dc supply after it was discovered that ac current was a source
for unwanted 60 Hz noise. Control of the cavity and sample
temperature was accomplished by a commercial autotuned
temperature controller reading a K-type thermocouple. This
feature was found to be necessary for precise, repeatable
measurements of temperature-dependent dielectric properties
in Jow loss ceramics.

A good test of whether the cavity design is free from
mechanical expansion and contraction effects during thermal
cycling is to see whether the temperature dependence of the
empty cavity quality factor Qg can be solely accounted for
by the temperature dependence of the wall material’s resis-
tivity. Undesired thermal expansion and contraction effects
on the cavity 0 would include variations in the ohmic con-
tact between the cavity lid and body, as well as excessive
relative shifting between the coupling loop positions and the
cavity body. In the absence of such effects, the empty cavity
quality factor should vary with temperature I' as

N 1 1 Xon )
(D=7 wfueop(T)ald+1 G

n

or

fn
P(T)“[—Q()(—T)T;,, 4)

where p is the resistivity of the cavity material, x, the nth
zero of the zero-order Bessel function J,, f, the eigenfre-
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FIG. 3. Comparison of experimental measurements of f,/[Qq(7)]? (data
points) with the expected scaling (solid line) assuming that the variation was
entirely due to changes in the cavity wall resistivity [Eq. (5)]. O: 2 (n=1),
(0: 5(r=2), and A: 8 GHz (n=3).

quency of the TMy,q mode, and a and d the cavity radius
and height, respectively. In the case of copper above 100 K,
the resistivity is expected to vary in an approximately linear
fashion with temperature:®

p=p0+aT, (5)

where @=8.3X10""1, p, depends on the impurity concentra-
tion (py=~—0.315X10"% for “pure” copper), and T is the
absolute temperature. To evaluate whether the configuration
was free of undesired thermal contraction and expansion ef-
fects, repeated measurements were made of the empty cavity
quality factor Qg as the cavity temperature was varied be-
tween 300 and 700 K for the first three TM,,o eigenmodes
(corresponding to resonant frequencies of approximately 2,
5, and 8 GHz). Measurement precision was determined to be
within 0.5%. In Fig. 3 it is apparent that the measured (rela-
tive) variations of f,/[Q(T)]? with temperature are in ex-
cellent agreement with the temperature scaling of copper’s

resistivity based on Eq. (5). This demonstration of a stable

and repeatable variation of empty cavity Q with temperature
cycling was considered positive proof that to within very
small error limits the cavity behavior was free from anoma-
lous thermal cycling effects. Accurate and predictable knowl-
edge of the exact dependence of Qo(T) was critical for an
accurate determination of temperature-dependent complex
dielectric properties based on Eq. (2).

IV. TYPICAL EXPERIMENT RESULTS

To illustrate the capabilities of this new microwave di-
electric spectrometer, we have measured the complex dielec-
tric permittivity of nearly pure and impurity-doped NaCl
single-crystal specimens. Comparing experimental measure-
ments of the imaginary part €’ with theoretical models pro-
vides an excellent  method for determining the impact of
point defects on microwave absorption in ionic crystalline
solids.” In Fig. 4 we provide such a comparison for the mi-
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FIG. 4. The experimentally measured €’ and theoretically predicted €’ in
NaCl single crystals at frequencies of (a) 2.2, (b) 4.8, and (c) 7.4 GHz vs
temperature. In the all plots, O: undoped crystal (pure crystal), A: doped
crystal,—: theoretical prediction.

crowave absorption in both a nearly pure NaCl single-crystal
sample and a second sample doped with 250 ppm Ca**
cation impurity concentration. Data corresponding to the first
three TMy, o resonances from one of our two cavities are
shown. Results from the second (higher frequency) cavity
are similar to the data shown here. Note that the theory and
experimental measurements are in excellent agreement, even
at values of € as small as ~10~* (corresponding to a loss
tangent tan 5~107°). A detailed discussion of the theory of
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microwave absorption in ionic crystalline solids is beyond
the scope of this paper but will be provided in a future pub-
lication. An outline of the basic physics can be found in Ref.
7.

V. DISCUSSION

A system has been developed to measure the complex
dielectric properties of low loss ceramic materials over large
temperature ranges. A prototype system has demonstrated re-
liable operation for a temperature range of 20—400 °C and at
five frequencies spanning the frequency range of 2—20 GHz.
An extended version of the cavity perturbation method al-
lows the use of higher-order mode measurements (TMy,,q,
n=2) with dielectric samples that are difficult to fabricate to
the small dimensions that would be required by the conven-
tional cavity perturbation approach. Extension of the maxi-
mum operating temperature to 1000 °C can be accomplished
by straightforward modifications of the prototype system de-
scribed here. In particular, the use of molybdenum for the
cavities provides the high-temperature capability with an
electrical conductivity only 3X less than that of copper.
Hence the cost of modifying for higher temperature opera--
tion is only a modest reduction of measurement sensitivity
by a factor of 1.7 (square root of the reduction in conductiv-
ity). The only other design modification required for higher
temperature operation is to similarly select refractory metals
(such as molybdenum or stainless steel) for fabrication of the
rigid transmission lines feeding the coupling loops. Finally,
illustrative measurements of the complex permittivity of
NaCl crystals with different levels of cation impurity concen-
trations are in excellent agreement with theoretical predic-
tions over a large range of temperature, at several different
frequencies, and at very small loss tangent wvalues,
tan 6~1075.
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