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INTRODUCTION

Over the last ten years considerable interest has grown in the characterization

of the dielectric properties of insulator materials with a very low loss tangent. This

is due to their increasing importance in different high technology fíelds ( nuclear

fusión, microelectronics, materials processing, etc), and is particularly true at low

temperatures and at microwave and millimeter wavelengths [1; 2; 3]. The tempera-

ture dependence of the dielectric properties is poorly known in the insulator mate-

rials , and the results available are not in agreement.

The interest in a precise characterization of these properties can be illustrated

by the following application. It has recently been proposed to use radiofrequency

windows cooled down to 70-80 K in high power gyrotrons for electrón cyclotron

(EC) heating systems of fusión devices to increase the power capabilities of these

machines [4; 5]. The windows must provide a minimum of reflected and absorbed

power. As the electrical length of the window is determined by the permittivity (a

function of temperature) and the temperature profile is determined by the power

absorption (i.e. the loss tangent), a precise characterization of the temperature de-

pendence of dielectric properties is needed for modelling the window performance

and henee determining the feasibility of these designs. In addition, data on dielec-

tric properties at low temperatures and microwave frequencies are required for ox-

ides due to their important role as substrate materials in microelectronics and in

the development of high Te superconductor films |6: 7].

From the fundamental point of view the study of the temperature dependence

is also of interest. The permittivity of dielectric materials is closely related to its

structure, defect types and their concentration. It depends on the frequeney of the

applied field and also on the temperature [8]. Historically, the dielectric properties

(permittivity and loss tangent) has received considerable attention at low and opti-

cal frequencies but it has been less deeply studied at microwaves and millimeter

wavelengths, mainly due to the difficulties of the associated instrumentation. At

these frequencies the dielectric properties provide information about both the di-

polar and ionic response of the material, although the theoretical predictions for

the expected behaviour are not clearly established, especially for the case of low

loss materials. The temperature dependence for very puré materials can provide

information about the different mechanisms for the phonon-photon interaction [5;

[9]-

The aim of this paper is to describe a cyündrical cavity system for the mea-

surement of dielectric properties at microwave frequencies in the temperature



range from 80 K to 300 K. The system may be used for insulating materials of in-

terest in fusión technology. i.e. permittivity valúes below 15 and loss tangent

below 10""3.

MEASUREMENT SYSTEM DESCRIPTION

It is possible to measure the dielectric properties of insulator materials at low

temperatures using different techniques. References for systems based on closed

cavity resonators [10], ring resonators (ii], open Fabry-Perot resonators [12] or

FTIR [2] can be found in the literature.

In general, the most widely used method is based on resonant techniques in

which the permittivity and loss tangent are obtained from the comparison between

the resonant frequency and the quality factor of the resonator with and without a

sample [13]. The main disadvantage of all these systems is that they require a very

high temperature stability ( around 10 K) to avoid uncontrolled temperature gra-

dients. In this work a new procedure will be described which avoids this problem.

The selection of the resonator type (ring, Fabry-Perot, closed cylindrical,

closed reentrant or others) is a compromise between the operating frequency and

sample size. Taking this into account. a closed cylindrical tYpe has been used.

However most of the techniques described are useful for any of them.

Closed cylinder resonators have been used extensively during the last 50 years

and some very comprehensive works have been published i 13; 14). Here we will not

make a detailed description of the whole measurement procedure. but only those

points relevant to the temperature dependence study will be presented.

The resonator is a right circular cylinder, 30 mm diameter and 25-35 mm

long, operating by transmission in TEQI modes (usually n=l, 2 or 3) at 12-18

GHz. The cavity characteristics are determined by measuring the power transmit-

ted through the cavity at different frequencies. The microwave oscillator (

HP8350B + HP83593 Plug-In ) generates a CW signal from 10 kHz to 20 GHz. A

frequency counter ( EIP 578B ) stabilizes the signal by means of a phase-lock loop

with 1 Hz resolution and 10 kHz steps. Transmitted power is detected and

measured using a scalar network analyzer (HP8757C ). Furthermore, the oscillator

and scalar network analyzer can opérate in sweep mode. This is very useful to

find the transmitted resonance peak when an unknown dielectric has to be

measured. The coupling between microwave Unes and the cavity is made through



slots 4 mm high, 0.5 mm wide through a wall thickness of 0.5 mm, with the higher

dimensión parallel to the axis of the cylinder. The slots are situated on the middle

of the cylinder walls at symmetric positions. This configuration, together with a

small separation between the cylinder block and the end plates avoids the excita-

tion of the TM1 ln modes [13]. A HP300 personal computer controls all the instru-

mentation via a standard GP-IB (IEEE-488). It manages the data flow and makes

the calculations using a computer program.

Transmitted power near the resonance is given by :

E o ( i )

where pa=p(f&) and Q ¡ is the loaded Q- or quality factor 115].

Experimentally about 10 valúes (p¡, f¡) are measured at stabilized frequencies

around the resonant frequency f{). The Q-factor and resonant frequency are

computed by fitting the theoretical expression to the experimental data using the

procedures described in |15|. The whole procedure takes about 30 s. Other meth-

ods. like the one used in 116] can be used.

The coupling factors ( p\ and fU ) between the transmission Unes and the cavi-

ty are needed to obtain the unloaded Q-value from the measured loaded Qt -valué,

using the expression

Q = Qi.(l + P1 + P2) (2)

The coupling factors can be obtained from the measurements of the reflected and

transmitted power|15]. If they are small enough. one may aproximate pxfJjxfU

and obtain it only from the transmitted power. In our cavity ps=10"2 and taking

into account that the coupling slots have the same dimensions and are made in

symmetrical positions in the cavity, it can be supposed that the error in Q, due to

such an approximation, is negligible.

For stable temperatures accuracies of 5 kHz for the resonant frequency and

0.5 % for the Q-factor can be obtained.



TEMPERATURE DEPENDENT MEASUREMENT

As previously mentioned, several systems to measure the temperature

dependence of dielectric properties have been described. One of the main prob-

lems in these systems is to avoid the errors in the determination of the cavity char-

acteristics induced by vanations mainly due to the temperature dependence of res-

onant frequency (typical valúes around 300 kHz/K). Taking account the ob-

tainable experimental accuracies, the resonant frequency determination requires

temperature stability around 0.01 K. It is rather complex to obtain this stability in

large resonators as used in most of the systems. Moreover, the irreproducible

nature of the power deposition by the temperature controller, induces temperature

instabilities that reduces the attainable precisión.

As it was previously mentioned, in this work a new technique avoids the stabi-

lization of the temperature using the following procedure. The cavity, in nitrogen

atmosphere, is cooled down to 80 K by a liquid nitrogen bath (see figure 1). The

temperature of both cavity end plates is measured by two chromel-alumel thermo-

couples. The sample must be circular with the same diameter as the cavity and

must be placed on one of the end plates during the measurement. The

thermocouple voltages are measured with a digital graphic register (Yokogawa

LR4220). also controllable via GP-IB. The objective of the measurement is to de-

termine ff1 and Q as a function of the temperature. This requires the characteriza-

tion of the resonant peak at several temperature points, i.e. the measurement of 10

power-frequency (p-, f-) pairs for each temperature. The measurements are made

during a "free heating" of the cavity during which the resonant peak shifts about

40 kHz/min. Taking account that this change is larger than the accuracy in the res-

onant frequency determination, each one of the frequency-power (f-, p¡') pairs is

associated with a resonant peak with a different resonance frequency (fQ) accord-

ing with the expression (1)

(3)

assuming that Q¡ and pQ do not change during the measuring time (around 30 s).

This assumption can be justified taking account that Qj changes about 0.2%/min,

which is well below the experimental precisión. Similar arguments can be applied

top0.



To avoid this problem the following argument can be applied. In general, let

N pairs be measured at equal frequency steps and at a constant time interval. If the

resonance frequency changes slowly with time, the instantaneous resonant

frequency f()" can be approximated by:

fo) (4)

f0 being the resonant frequency associated to the point (N/2), and 6 a constant. 6

is negative if the measurement is made increasing the frequency (fj+1>f j) and posi-

tive if the measurement is made decreasing the frequency (f ¡+1<f¡)-

Substituting (4) in (3) gives,

rt & > - r (5)
l+4Qf(l-5)2 f -1

In others words, a uniform shift of the resonant frequency during the

measurement produces a data set that fits to a resonance peak with a false valué of

QL =Q,_(1±|6|) "+" if f, >f1 + 1 and "-" if f, < f1+1 (6)

This error can be eliminated by doing two measurements. one with an

increasing frequency sweep and another with a decreasing frequency sweep. The

correct Q, is the mean valué of both measurements.

This argument can be applied for the determination of the true depen-

dence of the Q-factor of a cavity independently of the origin of the process that in-

duces the change of the resonant frequency. In our case, it is the increasing tem-

perature of the system. Then. using this procedure the quality factor and resonance

frequency of the cavity are determined as a function of temperature with the same

precisión as at constant temperature. The behaviour of the cavity and cryostat are

very reproducible from one measurement to another on heating because there are

no internal heat sources. The resonant frequency and the quality factor of the

cavity are measured continously during the slow heating up to room temperature (

heating rate < 0.15 Kmin"1 ), taking about 500 measurements in 24 hours.

In resonant methods, equations to calcúlate permittivity and loss tangent in-

volve, besides the resonant frequency and quality factor, the sample and cavity



size as vvell as the surface resistivity of the cavity walls. These parameters also

change with temperature and it is necessary to know their variation.

The change of the sample size with temperature ( less than 0.05% in the whole

temperature range ) can be neglected in the calculations of permittivity since it

introduces a correction 1000 times lower than the temperature effect. The changes

of the cavity size and resistivity are obtained from the temperature dependence of

the resonant frequency and quality factor of the empty cavity. The change of the

cavity dimensions are described by the thermal expansión coefficient while the

temperature dependence of surface resistivity is governed by a resistivity

coefficient.

a) Thermal expansión coefficienU a):

When the cavity temperature changes, the radius (a) and length (L) change in

such a way that:

J_dL_]_da_ , ,
L dT ~ a dT

A change in the cavity dimensions produces a change in its resonant frequen-

cy. f. For the circular cylinder operating in TEQjn mode:

(8)

with f =cX /2jta. f = nc/2L. c being the velocity of light and X() the first root of

the derived Bessel function j()(x) . Henee, the change in resonant frequency is

determined by the change in L and a. Differentiating (8) one finds

1-*- (9)
f dT

and therefore:

t í l=^l (10)
L a

LJJ , â j and f0 being the length, radius and resonant frequency at room

temperature, T(). So the valúes of length L. and radius a, at any temperature T, can



be calculated from the measurements oí the resonant frequency f.

b) Resistivity coefficient {y):

The quality factor (Q) of the circular cylinder forTEQjn mode is given by the

following expression¡l4]:

f 2 2 a f 2
c L n

where d is the skin depth of the material.

From the Q-factor, the resistivity can be obtained by the following

equation|l4]:

p = ;t¡.i()fd~ (12)

where j.i .=4TE xlCT Henry/m is the magnetic permeability in vacuum.

The temperature dependence of resistivity in metáis is linear with temperature
except for very low temperatures ( puT"1 if T«8 | ; ). where QD is the Debye
temperature )|171. Usually the change in resisitivity is expressed by the resistivity
coefficient y. defined by the following equation|i8]:

p(T)=p(T())[l+Y(T-T())J (13)

From all the considerations discusssed above. the measurement procedure can

be summarized as follows: 1) resonant frequency and Q-factor in the empty cavity

as a function of temperature are measured: 2) resonant frequency and Q-factor as

function of temperature with the sample inside the cavity are measured; 3) surface

resistivity and cavity dimensions as a function of the temperature, are calculated;

4) finally, loss tangent and permittivity are computed as function of temperature

from the measured and calculated data, using standard procedures based in equan-

tions given in [13], and described in detail in [19].

EXPERIMENTAL RESULTS

A cavity made from oxygen free copper has been used to perform
measurements. The data from the empty cavity were tested calculating the thermal



expansión and resistivity of copper. The quality factor vanes from 24000 to 45000

and .the resonant frequency increases by about 50 MHz when the temperature

changes from 300 K to 80 K. From the measured data, using the equations (9) and

(11), (12) and (13), a and y have been calculated. The agreement between

measured a valúes and published data (20) is excellent, as can be seen in figure 2.

The resistivity calculated with equation 12 is only an effective resistivity because

it includes, in addition to the contribution described by the skin effect, other cavi-

ty losses such as surface impurities, roughness or geometrical effects. However, as

shown in figure 3, it fits very well to a linear equation for T>80 K. It can be inter-

esting to evalúate the magnitude of these extra losses. Figure 3 shows the effective

resistivity obtained in our cavity, the contribution of the theoretical resisitivity of

copper (using data from different sources) and the estimated extra losses. It is im-

portant to notice that this contribution has a very small temperature dependence,

and so the obtained resisitivity coefficient (3.43x10 3 K"1 at room temperature) is

in closé agreement with the literature data: 3.93x10~3 K"1 at d.c. [21], or 4.03xl0"3

K"1 (calculated from data found in different sources [20:22]).

Using the above procedure. the permittivity of single crystal sapphire

from Union Carbide (USA) has been obtained. Figure 4 shows the temperature de-

pendence of the permittivity for the crystal orientation with the c axis perpendicu-

lar to the electric field. Permittivity change as a function of temperature is

presented instead of absolute valúes. The valué measured at room temperature is

9.41+.01. Changes of permittivity as lovv as 0.01% can be detected, althought the

accuracy for absolute permittivity is . 1 % . The explanation for this ¡s that

permittivity change depends only on the resonant frequency change while absolute

valúes depend also on the cavity radius which is the highest error source for

permittivity. The results are very similar to those obtained by other authors at low

frequencies (kHz range)[23]. Figure 5 shows the temperature dependence of the

loss tangent of alumina 99.9% purity, Bio/AL2O3 from Friedrichsfeld (Germany).

As can be seen the resolution obtained is very good down to valúes of loss tangent

of 10" . The optimum resolution achieved in the system is 3x10 .

CONCLUSIONS

A low temperature dielectric properties measurement system has been
developed. The system able to measure from 80 K to 300 K has a resolution of
0.01% in permittivity change and 3x10" in loss tangent. The main advantage of
the system is that it does not require temperature stabilization.



From the measured data for an empty cavity, the thermal expansión and

the resistivity for copper have been calculated as a function of temperature.

Permittivity of sapphire and loss tangent of alumina have been obtained at

cryogenic temperatures. Permittivity valúes of sapphire are very similar to those

reported at low frequency.
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FIGURE CAPTIONS

Figure 1. Cryostat used for the low temperature measurements.

Figure 2. Temperature dependence of the linear expansión coefficient of copper.

( O ) 120], ( m ) thiswork.

Figure 3. Temperature dependence of copper resistivity . ( • ) [20; 22], ( # ) this

work, ( ^ ) extra losses.

Figure 4. Temperature induced permittivity change of sapphire ( E J_ c ).( O )

this work, ( % ) [23].

Figure 5. Temperature dependence of loss tangent of alumina 99.9% purity,

Bio/AL2O3 from Friedrichsfeld.
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