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Abstract

The paper deals with theoretical and practical investigation of a test method using superconducting cavity- and
helical resonators in an oscillator loop, which allows precision measurements to be performed on solid dielec-
trics in the range of 0.1 to 10 GHz and below 9K.The underlying formulas are an extension of the well-known per-
turbation formalism and are not restricted to low temperatures. Our experiments resulted in unloaded quality
factors of Q ~ 5s107 between 0.2 and 10 GHz with a maximum Q (2,2K, 0.19 GHz) of 9.108, which enabled us to ob-
serve the smallest loss tangent so far: tan6 (2.2K, 6.5 GHz) = 3.7 “ 10-7 + 5% in polyethylene.

1. Introduction

In connection with recent applications of rf-supercon-
ductivity, (e.g. in germination and distribution of
microwave high power /1/, superconducting high energy
linear accelerators and fusion reactors /2/, or super-
conducting mtrowave communication systems /3/)there
is growing need for experimental data on microwave
low temperature dielectric properties of materials.
This paper deals with the th~retical and practical
investigation of a suitable test method, which allows
high precision measurements between 0.1...10 GHz and
2. ..15K by using superconducting helical- and cavity
resonators in an oscillator loop. We first present the
underlying theory of measurement, an extension of the
well-known perturbation formalism; subsequently we
describe the cylindrical EO1O- and EOII - cavities
and helical resonators in some detail theoretically
as well as their performances, and end up with some
results on loss tangents of polymers which are the
lowest ever measured outside the optical frequency
region.

2. Theory of measurement

When a dielectric specimen i inserted into a rf-re-
?senator, both the electric (.) and magnetic (~) field

configurations change and quality factor Q and reso-
nance frequency f are altered. By measuring f and Q
of the unperturbed and perturbed resonator (index 1
and 2 in eqn. (1)), dielectric constant c’ and loss
tangent tand = s~/s’ (where c

?)
~ = c~-jE~f can be cal-

culated starting fr m the exa t ex res ion for the
complex frequency shift:

(Vc cavity volume, Vs sample volume). In eqn. (1) the
unperturbed resonator is assumed to contain a loss-
less medium c’~ (e.g. vacuum,or~~~i~Jf~lumwlthq. . .

(90 MHz, 4.2 K)= 1.049, tand < 10
The complex frequency shift is related to measurable
quantities by/5/

With these equations <2 and tan6 can be obtained
from:

7%5 = m’-%%(fi-$).”(q)
Eqn,(4) with K= 1 implies the integrals from eqn.(1)
to be real. This assumption is not justified in general;
at least E consistsof both real and imaginary componetits
Im~3}MRe/E~]tan$. Therefore K changes to
va u s sotrew at greater than 1; under the conditions:
Im{E } /Re{?2}and (f2-fl)/f2 smaller than 10%, which
are f~lfiled for little specimen dimensions and loss
tangents tand z 0.1, the correction factor is obtained
as

For negligible field distortions ~2 = El eqn.(5) is re-
duced to

K denotes a quantitative measure for the range of appli-
cation of the well-known perturbation formalism: only
if K=l, the perturbation theory yields acceptable re-
sults.

3. Microwave resonators

We use cylindrical cavities at 7 GHz and the helical re-
sonator of Fig.1 between 0.2 and 2 GHz. The helical re-
sonator is a quarter-wave-shorted transmission line in
which the center conductor is wound into a helix, thus
having the advantage of small dimensions compared to
wavelength. In contrast to cavity resonators the heli-
cal resonator has not been used before for dielectric
measurements; it shows resonant frequencies approxi-
mately at odd multiples of the fundamental and covers
a frequency range, which has been nearly inaccessible
until now, Unfortunately the helical resonator is not
suited for the exact measurement of the dielectric con-
stant c~ without calibration, because field distortions
at the end of the helix have to be neglected in the
calculations. Furthermore, when solving Maxwell’s
equations for the resonator partly filled with dielec-
tric, the helix is replaced by a fictious surface con-
ducting only in the helix direction. Hence measured
values of the frequency shift lie somewhat higher (5%
in the avarage) than computational results. On that
account numerical evaluations in this Daoer are re-. . ,.-. —
stricted to the cavitiy resonator, but the same ten-
dencies can be observed with the helix type.
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i)ielectric constant measurements: The dielectric con-
stant is related to the resonance frequency by the
characteristic equation, which is well-known for the
cylindrical cavity /6/. First order approximations of
Bessel functions which are valid for small deviations
of the phase constant, result in a frequency shift of

the EOIO- and EO1l- resonator when inserting a speci-
men 29:

fz;fi z Wo(xo,) xo, a2—=-~m~b’”+) =
.

= %i36(~)2(4-eJ

(7)

(Jl Bessel function, NO Neumann function, X01=2.405,
El ; 1.
Eqn. (3) is,however, of more general interest than the
characteristic equation for calculating the frequency
shift, because it can be evaluated even if the trans-
versal phase constants k2 in the perturbed case are not
known. We only have to use approximate values for k2
(or frequency f ) to compute the right hand side of
eqn. (3) with tie only condition, that k must differ
from k in the unperturbed resonator. Otlerwise, eqn.
(3) de!ivers wrong results as demonstrated in Fig.2
where the integrals of eqn. (3) were solved analyti-
cally.
Eqn.- (3) is often used in connection with the static
field approximation inside the (small) specimen and
the unperturbed fields fiutside. The analytical evalu- \

ation of eqn. (3) with ~ =?l leads to an equation,
which is exact with resp~ct to the Eolo (q=O) and

Eon -resonanance (q=l):

Figs.(3), (4) show the limited range of application of
eqn.(8) which is restricted to small specimen dimen-
sions and dielectric constants.
Eqn.(3) can also be used to determine the influence of
a sample ins rtion hole (Fig.1) on the resonance fre-

fquency. NOW ~ represents the field configuration of
the ideal cavity without hole whereas ~ in addtion con-
tains the fast decaying E z-fields in he cut offwa-
veguide. Under similar as~~mptions as has previously
been outlined /7/,for small hole diameters 2a we end Up
with a frequency shift due to the sample insertion
hole:

(9)

(Fornumerical resul{s see F~g. 5). The relative error
of dielectric constant measurement due to the insertion
hole follows from the total differential rS(s~-1) of
eqn. (7); it amounts to

The relative error mightcame to several prcent(Fig.6).

Dissipation measurement: According to eqn.(4) the loss
tangent depends on the frequency shift as well as on
the Quality factor Q and field correction factor K. K
appreciabl~ deviates from 1 for the cavity resonator
as is documented by Fig.7, and therefore can lead to
relative errors in tan~-measurement of more than 50%
if neglected.
Another source of error is the change of the geometric
factor G=Q.RA (R =microwave resistance), when inser-
tingthespecimel!. Thereby the wall currents of the
resonators are modified, i.e. Q in eqn.(4) is not

zonly altered by dielectric but y ohmic loss changes,
too. The equivalent change of the G-factor is dis-
played in Fig.8 proving this effect to be ignorable
in case of high enough a Q compared to Q2. Under the

isame conditions the freque cy dependence of RA(f) is
ignorable.

4. RF-Superconductivity

Measurements of the frequency and temperature depen.
dence of technical superconductors can be split into
two contributions to the surface resistance RA:

(11)

Below the critical temperature T the theoretical
BCS-surface resistance behaves a9

(12)

TC and band gap parameter~ for relevant rf-supercon-
ductors are compiled below, The table in addition con-
tains the improvement factor V (4.2K, 10 GHz), which
relates the surface resistance of the superconductor
(SC) at low temperature to Copper (Cu) at room tempe-
rature:

(13)

IPb Nb NbTi MoRe Nb3S~

Tc [K] 7.22 9.25 9.8 10.1 18.2

A [kBTc] 2.05 1.86 1.73 1.78 2.1

V(4,2K;1OGHZ) !5.102 1.4”1037.5”103 2“103 104

Besides R CS there appears a residual resistance Rres
in eqn.(11~, which is practically independent from
temperature and is closely related to the state of the
surface (smoothness, contaminations, etc.). In many
cases, especially at low frequencies < lGHz and tem-
peratures <4.2K, the lowest surface resistance ob-
tainable is determined by Rr , while even lower va-
lues could be reached in an !~eal superconductor. The
available data on the measured BCS-resistance is com-
piled in Fig,9; Fig.10 contains the values of R
which were obtained with different, sometimes s@fiis-
ticated surface preparation methods, as there are
chemical and electrochemical polishing as well as
heating processes. The straight line interpolates our
own measurements for Nb, which after machining was
first treated chemically in a HF/HNO-solution, then

“2electron beam welded and recrystalll ed at 1300 C in
ultra high vacuum (UHV). These resonators show un-
loaded Q’s of t~pically 5Q107 at4.2K in the GHz re-
gion, with 9.10 (at 2,ZK and 0.19GHz) in excess, which
corresponds to an absol~te accuracy of tan6-measure-
ment of better than 10- 0
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5. Experimental procedure and limitations

The needed quantites from eqn. (4): loaded quality fac-
tor, coupling factors and resonance frequency, are ob-
tained in a test assembly which is described in detail
elsewhere /8/. It consists of the transmission type
resonator, which is the frequency determining element
in a closed loop, in series with phase shifter, tran-
sistor amplifier or TWTA, and pin-modulator which inter-
rupts the stationary oscillation being possible under
appropriate phase conditions and sufficient amplifi-
cation. Q is obtained from the exponential decay of
the resonator power envelope, the coupling factors are
determined by measuring the incident and transmitted
powers during steady state, and the resonance fre-
quency is measured with a microwave counter.
Measurement errors do not exceed i 2% for Q’s greater
than 1C14; therewith the relative error of tand-measure-
ment

{“”’+’’o’y($)’+( ~r(%)’ “4)(‘= l/’’2f.q4q4

aenerally amounts to i 5% for tan& S 5-10-7.
~ ~ 62 < 10-2 are the coupling factors at the en-
t}ance and exit of the transmission type resonator,

-iwhich relate the unloa ed Q-factors to the measured
Qml = (1+61+62) Q1.

6. Experimental resul$~

Extensive investigations on various polymers and
glasses have been published elsewhere /9/,/10/ and go
beyond the scope of this paper. Fig.11 as an example
represents the frequency-temperature loss profile of
Medium Density Polyethylene (Lupolen 4261A, BASF) with
the smallest loss tangent ever measured at any fre-
quency nd temperature: tan6 (2.2K, 6.5GHz) =

?3,7.10- t 5%, The data prove phonon-induced tunneling-
relaxation of impurities or sidegroup dipoles to be the
dominant loss mechanism even at temperatures far below
the glass point in a frequency region, which has been
fairly inaccessible for experiments until now.
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