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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -

Part 7: Electronic characteristic measurements —

Surface resistance of superconductors at microwave frequencies
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INTRODUCTION

Since the discovery of some Perovskite-type Cu-containing oxides, extensive R & D work on
high-temperature oxide superconductors has been, and is being, made worldwide, and its
application to high-field magnet machines, low-loss power transmission, electronics and many
other technologies is in progress.

In various fields of electronics, especially in telecommunication fields, microwave passive
devices such as filters using oxide superconductors are being developed and are undergoing
on-site testing [1,2] 1.

Superconductc ials i - i - d detay lines have the
advant i primary
importapce for the development of new matenals on the supplier si s e design of
superconductor i 2 ers of

Recent [advances in high Tc superconductor (HTS) thiq_fili 9 ders of
magnitude e Incres S reliable
charactgrization technique to measure this property/[3,4]. i the Rg of NRj or any

‘ - irst fabricating an entire

three di ) Iculated
by solving the EM field distribution insi LA i i acing a
small sample inside a larger cavity. This techn i ves the
uncerta C rom the
experim
The begt HTS samples d&re epitaxialNils i no high
quality films have beenr b . i i chnique
that: cap use these s { 5, eS—f age or
Rg of

change |the film; g
copper)| has gr Rg of copper); can reach high internal| powers
[ ti oad temperature coverage (4,2 K to 150 K).

with only modest ipy

The die
surface
and pra
the Rg 0

The te > i
plates including Io ,

This standard is intended to provide an appropriate and agreeable technical base for the time
being to engineers working in the fields of electronics and superconductivity technology.

lected among several methods [5,6,7] to determine the
e frequencies because it is considered to be the most|popular

in this standard can be also applied to other superconductor bulk
material.

The test method covered in this standard is based on the VAMAS (Versailles Project on
Advanced Materials and Standards) pre-standardization work on the thin film properties of
superconductors.

1 Numbers in brackets refer to the bibliography.
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SUPERCONDUCTIVITY -

Part 7: Electronic characteristic measurements —

Surface resistance of superconductors at microwave frequencies

1 Scope

This part of IEC 61788 describes measurement of the surface resistance of superconductors

at micrdwave frequencies by the standard two-resonator method. The object okmeasprement

is the tgmperature dependence of Rg at the resonant frequency.

The apglicable measurement range of surface resistances for this

— Freduency:

— Meapsurement resolution: 0,01 mQ at 10 GHz

8 GHz < < 30 GHz

The surface resistance data at the measured freque Esuming
the /2 rlle (f < 30 GHz) for comparison, shall be rep¢

2 Normative references

The follpwing referenced documents 4 cument.
For dated references, only the editio | edition
of the referenced documept (igclydir

IEC 60050-815, Interna Y

3 Ter
For the

In gene
ratio of

where R is“the surface resistance and X; is the surface reactance.

ms and@

i as the

Zg = Et/Hy = Rg + jXs
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4 Requirements

The surface resistance Ry of a superconductor film shall be measured by applying a
microwave signal to a dielectric resonator with the superconductor film specimen and then
measuring the attenuation of the resonator at each frequency. The frequency shall be swept
around the resonant frequency as the centre, and the attenuation — frequency characteristics

shall be recorded to obtain Q-value, which corresponds to the loss.

The target precision of this method is a coefficient of variation (standard deviation divided by
the average of the surface resistance determinations) that is less than 20 % for the

measurement temperature range from 30 K to 80 K.

It is the|responsibility of the user of this standard to consult and esta
and hedlth practices and to determine the applicability of regulatory Jif

Hazardg exist in this type of measurement. The use of a cryoge
the supgerconductors to allow transition into the superconducti
with cold apparatus components can cause immediate fre

spilled gryogen. The use of an r.f.-generator is alsg € i neasupe high-fr

properties of materials. If its power is too high, dire
immediate burn.

5 Theory and calculation equation

Figure 1 shows the configuration of th¢ TE

Qnator, which is used to elimi
d, and height, 4, is short-cirquited at

Qmp
air-gap pffects. A cylindrical dielectric rod iah
both enfls by surfaces of Awo\parallekstperconductorfilms deposited on dielectric su

have the same value| o . 2 R

frequengy fp and anlo
superconductor 2

averagq value of thé

Superconductor

se superconductor films are req
calculated from the measured resonant
for the TEgmp resonance mode. When
f Rs, the measured R4 value correspond

e safety
use.

| to cool
of skin
t with a
bquency
hHuse an

hate the

Fstrates
uired to

the two
S5 to the

fitms

A

y
Dielectric rod

X IEC 001/02

Figure 1 — Configuration of a cylindrical dielectric rod resonator short-circuited
at both ends by two parallel superconductor films deposited on dielectric substrates
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The value of Rg is given by

14
RS:—H——tanég (1)
B
u U
where
a=1+27 2)
£
B = pzﬁﬂg W =120 3)
2h g 30m2¢’
(4)
()
(6)
(7)
are the relative permittivity and the loss factgr of the
s (3) and (4), Aq is the free space resonant wavglength,
a vacuum (¢ = 2,9979 x 108 m/s). The function W/¢" eqlals the
ed outside to that stored inside the dielectric rod. If gll of the
d inéide the dielectric rod, the value W equals zero. The value u2 is
given b 3 al equation (7) using the value of v2, where J,(u) is the Bessel
function| of ) ind ) is the modified Bessel function of the secomd kind,
respectively~FoO any value of v, the m-th solutlon u eX|sts between ugyn and uqy, where
Jo(uom) which is used for eaS/ mode
|dent|f|c ation for

=1 of TEgmp resonance mode is shown in flgure 2 by curve (B)
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using th

e value of v 2

(8)

and

In the tvo-resonator ods, which are called "standard dielectric
rods", are used. These i ane diameter but have different heights. [The rod
heights |are suc@ p is Yatime eight of the other; p is commonly set gqual to
three. They are regdi S g values of ¢’ and tan 4.

Figure 3
confusig
called "
are use
the TEg
We den

and Q1

e standard dielectric rods in the case of p = 3. To avoid
hQrt standard dielectric rod is denoted by Ag. Each resgnator is
013 resonator”, respectively. The same superconductor films
. The values of fy and Q, for the TEgq14 mode are measurgd using
d those for the TEg1, mode are measured using the TEqq, reponator.
ofor each resonator by using the subscripts 1 and p, respectiyely: fp1

Od — N

Supereonductorfim

Od

L | _ Dielectric rod
3hy { ]

i
-
i

Line of electric force

Line of magnetic force
IEC 003/02

Figure 3 — Configuration of standard dielectric rods for measurement of tan o
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The value of tan J is given from the measured values of Q,. When the TEgq, resonator is
precisely p times longer than the TEgq4 resonator, fpp, coincides with fp1. However Oy, is
higher than Q.1 according to the different magnitude of the electric field energy stored in the
two resonators. Owing to the fact that both dielectric rods are short-circuited at both ends by
the same superconductor films, equation (1) yields

@ng-_A_HOp 10 9)

(p_1)Epup Qu1H

As an alternative method, the value of Ry of superconductor films can be directly measured by

:30r@pH2hO§g'+Wﬂ1 _ 1 H

RS
(P_1)H)\051+WHQU1 Qup

(10)

where elquation (10) is derived by substituting equation (9) into '

6 Apparatus

6.1 Measurement equipment

Figure 4 shows a schematic diagram or the microwave mjeasure-
ment. The equipment consists of a net ; Ftransmission measurgment, a
measur¢ment apparatus, and a thermopmeter fo ing the measuring temperaturg.

An incigent power geneyat ickowave source such as a synfhesized
sweepef is applied to the_di i gd in the measurement apparatps. The
transmisgsion characterﬁ%s/\e sh display of the network analyzer.

Y,

St
a ser
/\<\
NANEAN
s\eep!
NS
N ¥
\}parameter
test set

PP
TmerTace

YA

Thermometer

Thermal sensor

Cryocooler
IEC 004/02

Figure 4 — Schematic diagram of measurement equipment for temperature dependence
of R using a cryocooler
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The measurement apparatus is fixed in a temperature-controlled cryocooler.

For the measurement of Rg for superconductor films, a vector network analyzer is recom-
mended. A vector network analyzer has better measurement accuracy than a scalar network
analyzer due to its wide dynamic range.

6.2 Measurement apparatus for Rg

Figure 5 shows a schematic of a typical open type measurement apparatus for the Rg of
superconductor films deposited on a substrate with a flat surface. The upper superconductor
film is pressed down by a spring, which is made of phosphor bronze. The plate type spring is
recommended to be used for the improvement of measurement accuracy. This type of spring
reduceg[the friction between the Spring and the other part ol the apparlrdtus, ws the
smooth |movement of superconductor films due to the thermal expansi tric rod.
The hel|ght of spring support shall be changed according to the tandard
dielectric rod.

Each of] the two semi-rigid cables shall have a small loop at ¥ he loop
shall bg set parallel to that of the superconductor films i orde hwanted
TMmno fnodes. The coupling loops shall be carefully che nents to
keep the good coupling conditions. These cables « overi 3 eft to adjust the
insertiop attenuation (/4). In this adjustment, coupling~of bowa avity modeg to the
interesteéd dielectric resonance mode shall be ed. < , parasitic coupling to
the other modes reduces the high O E jator. For suppresging the
parasiti¢ coupling, special attention Migh O resonators. Two other
types of ¢ 5, are recommendable. They
are exp

Spot welding

Plate type spring
Superconductor film /
/ Semi-rigid cable N‘ Sprring
| £ 1 J support
= o | %P

| :
A ‘
(= Connector

Figure 5 — Measurement apparatus for Rq

IEC | 005/02

A reference line made of a semi-rigid cable, shown in figure 5, shall be used to measure the
full transmission power level, i.e., the reference level. This cable has a length equal to the
sum of the two cables of the measurement apparatus. The semi-rigid cable with the outer
diameter of 1,20 mm is recommended.

In order to minimize the measurement error, two superconductor films shall be set to be
parallel to each other.
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6.3 Dielectric rods

Two dielectric rods with the same ¢’ and tan 9§, preferably cut from one cylindrical dielectric
rod, are required. These two rods, standard dielectric rods, shall have the same diameter but
different heights: one has a height three times longer than the other.

It is preferable to use standard dielectric rods with low tan d to achieve the requisite

measurement accuracy on Rg.

direction parallel to c-axis (¢ = 9,4).

Recommended dielectric rods are sapphire rods cut in the

The diameter and the herghts of the standard sapphire rods shall be carefully designed so

that the
betweel
for the
dimensi

—

bns of the standard sapphire rods for 12 GHz resonance.

able 1 — Typical dimensions of a pair of standard sappht

oupHng

ples of

Short rod (TEg11 resonator)

Long rod (TEo3 resonator)

/549
16,47
N

In order

Specific

7 Me

compar
larger th

Table 2

thessuperconductor films, both ends of the

r and perpendicular to the axis.

r shall be about three times larger than thgt of the
he error of Ry due to radiation loss can be ngglected

gefpresision of 20 %. The film thickness shall be about thrge times

Table 2 — Dimensions of superconductor film for 12 GHz

gtandard

Standard dielectric rod Superconductor film
Material &' Diameter Diameter Thickness
d (mm) d’ (mm) (um)
Sapphire 9,4 11,8 >40 0,5
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7.2 Set-up

Set up the measurement equipment as shown in figure 4. All of the measurement apparatus,
standard sapphire rods, and superconductor films shall be kept in a clean and dry state as
high humidity may degrade the unloaded QO-value. The specimen and the measurement
apparatus shall be fixed in a temperature-controlled cryocooler. The specimen chamber shall
be generally evacuated. The temperatures of the superconductor films and standard sapphire
rods shall be measured by a diode thermometer, or a thermocouple. The temperatures of the
upper and lower superconductor films, and standard sapphire rods must be kept as close as
possible. This can be achieved by covering the measurement apparatus with aluminum foil, or
filling the specimen chamber with helium gas.

7.3 Measurement of reference Tevel

The level of full transmission power (reference level) shall be mea ikstNEI e output

power of the synthesized sweeper below 10 mW because thé eme gcuracy

depends$ on the measuring signal level. Connect the referg ine i-Ngid cable

between the input and output connectors. Then, measure thedtransan bel over

the entire measurement frequency and temperature range e S change

several |[decibels when temperature of the apparatus is ch S e e to the

lowest measurement temperature. Therefore, the te ratur ference

level myst be taken into account.

7.4 N

b

The respnance peak cannot be obseryes QON nductor

films arg esonant

frequengy of TEgqq or TEgqs mode, the . NeR i inati pper or

silver cpnducting plates {and bphire iof to the

measur¢ments of the i gsonant frequency of TEgq4 mod¢ of the

standard sapphire rod

a) Conhect the : uS b lgure 5).
Insefrt the standapd\shgrt sapphire rod d adjust
the gistance be od and each of the loops of the semi-rigid cables to be
equal to eac ' hat this transmission-type resonator can be under{coupled
equally to

b) Put down\the upp or plate gently to touch the top face of the rod. Be cafeful not
tod of the conductor plates by excessive pressure

c) Find the ‘ ode/resonance peak of this resonator on the display of the |network
analyzer. igure, 6(a) shows, this mode can be detected as the second sharp pgak from
the lower side of the frequency range.

d) Narnaw {1 mode

can be shown (figure 7). By changing the distance between the sapphire rod and the loops
of semi-rigid cables, adjust the insertion attenuation /4 of this mode to be around 40 dB
from the reference level. Measure the resonant frequency fp.

Metallic particulates on the sapphire rod have a significant impact on the measured tan . A
careful cleaning of the rods is recommended after the measurements using metal conductor
plates.
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HE 111 TEo11 HE211 TMo11 TEo12 HE212  TEq13 HE 121

ot T % w ¥l N S

30 |- —

Attenuation dB
S
o
T
|
Attenuation dB

AL A \

10 1" 12 13 14 10 1" 12 13 14

Frequency GHz Frequency GH i2cl oos/02

(a) THo11 resonator, d =11,8 mm and 2 =5,6 mm (b) TE¢+13 resonatet; =1,8 6 mm

Figure 6 — Frequency response of dielectric reso

AL«
KReference levelat T w
14
(fo Q
IIaN

o & v
e
RN

Frequency GHz

4)

»><

Attenuation dB

IEC 007/

N

Figure 7 — Insertion attenuation 14, resonant frequency fj
and half power bandwidth Af, measured at T Kelvin

7.5 Measurement of standard sapphire rods short-circuited by two superconductor
films

The temperature dependence of fy and Q, for TEg11 and TEgq3 resonators shall be measured
as follows:

1) Replace the conductor plates by the superconductor films. Insert the standard short
sapphire rod near the centre of the superconductor films and fix the distance between the
rod and each of the loops of the semi-rigid cables to be equal to the case of the metal
conductor plates. Put down the upper superconductor film gently to touch the top face of
the rod. Be careful not to damage the surface of the superconductor films by excessive
pressure. Evacuate and cool down the specimen chamber below the critical temperature.
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2) Find the TEgq4 mode resonance peak of this resonator at a frequency nearly equal to fj

measured in the previous step on the display of the network analyzer.

3) Narrow the frequency span on the display so that only the resonance peak of TEg14 mode
can be shown (figure 7). Confirm that the insertion attenuation 74 of this mode is larger

than 20 dB from the reference level, which depends strongly on the temperature.

4) Measure the temperature dependence of fy and the half power band width Af. The loaded
0, O, of the TEp14 resonator is given by
Jo
= 12
oL % (12)
and the-Ggis—givenby
0, = 1Ql_ Ay = 10~ 4ldB] /20 (13)
- At
Thelfy and Q, of this short rod are denoted as 731 and Qy;.
The abpve-mentioned technique for extracting the un . hat the
coupling on both sides of the resonator is identicat: 0 s are difficult to
fabricatg, the orientation of the loop is difficult to conhtrol, and anyxmovement of the sapphire
rod dufing measurement is not known. \ re also
temperdture dependent. This potential.asym rrors in
calculatjng the coupling factor if the i is weak
enough
An alter C e involves measuring the re¢flection
coefficig
(14)
(15)
(16)
In the apove~egua 11 and Syo are the scattering parameters as shown in figurI 8, and
are megsurediin units of power, not relative dB. 31 and 3, are the coupling coefficients.
The above-mentionedmethodhastwoadvantages—tdoesnotrequire—the—additional step of

calibration of the reference level and it gives a measurement of the coupling values for both
sides of the resonator. This also has two disadvantages. It only works for a narrow band
resonance (which is fortunately the case) and is limited by the dynamic range of the network

analyzer in measuring the reflection coefficients.

A combination of the two techniques is an excellent “double” check and is therefore

recommended.

After the temperature dependence measurement of /51 and Q1 is finished, the measurement

apparatus shall be heated up to room temperature.


https://iecnorm.com/api/?name=cb82e2455c711cb50a73399bdd35f321

61788-7 © IEC:2002(E)

— 15 -

Then, replace the TEgqq resonator in the apparatus with the TEgq3 resonator at room
temperature, cool down the apparatus to a temperature lower than the critical temperature,
and measure the temperature dependence of fy3 and Qg3 of its TEg13 resonance mode, in a
similar way as the TEg4¢ resonator case. When the length of the sapphire rod of the TEpq3
resonator is precisely three times longer than that of the TEgq1 resonator, the fy3 of the TEgq3
resonator must coincide with fp1 of the TEy¢¢ resonator.

Then, ¢
from eq

QOus- Geperally the thermal expansion toeffieient
temperdture dependence oftheir sizes. Ho
PeCISIONNO

rods ca

7.6 Determination

Calcula

the temperature deg

calculat

Jo1, Qu1

8 Pr

\

T S K

e the te

8.1 Slurface

The su
resonat

Reflection coefficient

S11 or Soo

Jo

Frequency

ire rods
fo3, and
hine the
apphire

) using
ion (1),
e of &,

faee resistance shall be determined from the (Q-value measured with a qielectric

rtectmique:

A vector network analyzer as specified in Table 3 shall be used to record the frequency
dependence of attenuation. The resulting record shall allow the determination of O to a
relative uncertainty of 102,

Table 3 — Specifications on Vector Network Analyzer

Dynamic range

above 60 dB

Frequency resolution

below 1 Hz at 10 GHz

Attenuation uncertainty

below 0,1 dB

Input power limitation

below 10 dBm
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The dielectric resonators shall be provided with two dielectric rods with low loss tan J of less
than 1 x 10-6 and a radius less than 1/3 of the superconducting specimen’s radius. The best
candidate for the rods is sapphire as specified in Table 4. Term definitions in Table 4 are
shown in figure 9.

Surface roughness Flatness
N\/&“\/?_L
3 \ |

avic-of i\ \I

Cytider clxibT %“ SHSE Perpendicutarity
‘/ crystal
g . $

~

EC 809

Figure 9 — Term definitions i b

Table 4 — Specifications on sa ire/rofs’ (for 12 GHz)

Diameter 11 so}m })\@\Qm \ \ )

Height 5,49 mm9,0 M@N{M\\m + 0,06 mm
Flatness below 005(\m\

Surface roughnes p and bqttomisurjace: bglow 10 nm r.m.s.
[\< me beMOM mm r.m.s.

Perpendiculariky wﬁf\\de

Axis < > 2 < p alle\tqc- within 0,3°

%

sum that single and triple height sapphire rods|can be
ver, the variation of the tan d between nominally identical
rods, cU d polished by the same technique, may be as largg as two
orders . the smallest variation between nominally identical gapphire
rods ha 3 or of Your. Therefore, the uncertainty in the measured tan J is laijge. The
variatio an(ovof thespresent sapphire rod causes an additional uncertainty up to|at least
10 % i esistance measurement. This limits the target precision of the[present
techniqlie at.20 %>¥reproducibility of sapphire rods is improved, or a selection method for
standar@i“~sapphire rods is established, a target precision of 10 % can be expected| by this
dielectric resonator method.

The ted
fabricat

hnique ag described

8.2 Temperature

The measurement apparatus is cooled down to the specified temperature by any means
during testing. An easy choice would be to immerse the apparatus into a liquid cryogen. This
technique is quick and simple and yields a known and stable temperature. Unfortunately, most
HTS materials are damaged by the condensation of moisture that occurs when removing the
sample from the cryogen. In addition, uncertainties generated by the presence of a gas/liquid
mixture within the cavity, and the inability to measure Ry as a function of temperature support
the use of other cooling methods. These limitations can be circumvented by the immersion of
a vacuum can into a liquid cryogen. If the vacuum can is backfilled with gas, then rapid
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cooling and uniform temperatures occur. If heaters are attached to the apparatus, then the
temperature dependence of the HTS material can be measured. A third and equally good
choice is the use of a cryocooler. In this case, the resonator is under vacuum and cooled by
conduction through the metallic package. Care must be taken to avoid temperature gradients
with the apparatus.

A cryostat shall be provided with the necessary environment for measuring Rg and the
specimen shall be measured while in a stable and isothermal state. The specimen
temperature is assumed to be the same as the sample holder temperature. The holder tem-
perature shall be reported to an accuracy of £0,5 K, measured by means of an appropriate
temperature sensor.

The difference between the specimen femperature and the holder i
minimizgd by using shields with good thermal conductivity.

perature, $hall be

8.3 Specimen and holder support structure

The support structure shall provide adequate support for the s ive that
the two [films be parallel and mechanically stable througho fally in a
cryocooler and over a wide range of temperature.

8.4 Specimen protection

Condengation of moisture and scratchii Qe i rate superconductivity. Some

protectipn measures should be provide

Polymethylmethacrylate (PMMA) coating
used fqr protection. A coating materia
recommiended.

gtrafluoroethylene (HTFE) or
gasurements, thus they can be
less than several micromgtres is

9 Test Report

9.1 Identificati

specimen’sy

manpufacturing process technique.

9.2 Report of Rg values

The Rg values, together with their corresponding fp1, 03, Qu1, Qus, 1A and/or (B4, B2), € and
tan 0 values, and their temperature dependence shall be reported.

9.3 Report of test conditions

The following test conditions shall be reported:

QO

test frequency and resolution of frequency;

O

test maximum r.f. power;

(¢

test temperature, accuracy of temperature and temperature difference in two plates;

)
)
)
)

o

sample history with temperature variation.
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Annex A
(informative)

Additional information relating to clauses 1 to 8

A.1 Scope

The establishment of the standard measurement method is needed to evaluate film quality of
high Tc superconductor (HTS) films having low surface resistance Rg values such as 0,1 mQ

at 10 G—l-) Qo\larol resenRance mathnr{e as ohr\\un |h flgllra /\ 1 I’\O\IQ haan’p&nncsed 0 far to
measur¢ them in microwave and millimetre wave range. These resQnator structyres are
grouped into the following six types:
A.1.1 Cylindrical cavity method [1]2.
Figure fA.1(a) shows a cavity structure using the TEgq1 from a
copper |cylinder and two HTS films. In the microwave )€ 013 the Rg
measur¢ment precision of this method is rather low I copper
cylinder] i illimetre
wave regi
A.1.2
Figure A. sing the TMpmo mode, which is
constru between two rectangular HTS films.
mely small Ry values, but ffom the
viewpoi are some problems, such [as low
measure Ihe dielectric spacer, uncertain estimations
of radigti the plates and the spacer, and| critical
excitatid
A.1.3
, Which is
passive
ncludes
e a low
we can

eliminate the air- gap effects because the normal component of electrlc f|eld does not exist on
the HTS films. In this method the Ry values of the HTS films have been measured by ignoring
the effect of tan 6 on the assumption of tan d < 1 x 10-8 for single-crystal sapphire [4].
However the tan J values measured for sapphire at 10 GHz and near 50 K, as is well known,
take values between 106 to 10-8 due to quantity of lattice defect. Therefore preparation of
very-low-loss sapphire rods with tan 3 < 1 x 10-8 is essential for this method.

2 Numbers in brackets in this annex refer to the reference documents in A.7.
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Figure A: Schematic configuration of several measurement methods
for the surface resistance
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A.1.5 Image-type dielectric resonator method [8]

Figure A.1(e) shows a structure of an image-type dielectric resonator using the TEg1§ mode.
This structure is available to measure only one HTS film. However preparation of very-low-
loss sapphire rods is essential also for this method, because the Rg is measured by ignoring
the effect of tan &.

In addition, complicated and tedious numerical calculations are needed to determine the Rg
values from the measured resonant frequency and unloaded Q.

A.1.6 Two-resonator method [9], [10].

In this r:l:ﬂethod two sapphire rod resonators with the same tan J valuesf are ne is a
TEg11 mode resonator and the other is a TEg43 mode resonator, as in fiqure A.1(f).
Similarl 2 iy in this
method Pcan be
determi br these
resonat e mode
matchin p the Rg
measure mQ at
12 GHz od [10].
Howevelr, due to

Atan J must be taken into account. This effec IND e inter-
laboratd S

As a rdg
method|i
followin

S ibed above, the two-rgsonator
nethod of Ry of HTS films, due to the

. ¢/desirable for determination of lower Ry because Rg of
superconductok fillgs i the frequency according to the 2 rule. The sizp of the

resonatprs a maller by using higher measurement frequencies. However, it
becomejs, f| S microwave measurement system as the measurement fréquency
becomepii

A.3 Apparatus

Unwanted parasitic coupling to the other mode reduces the high Q-value of the TE mode
resonator. For suppressing the parasitic coupling, special attention is paid to design high Q
resonators. Three types of resonators are proposed and shown in figure A.2:

; Copper cavit
Spring pp Y Spring

Superconductor films

Copper cylinder

Dielectric rod
a) Open type resonator b) Cavity type resonator c) Closed type resonator

IEC 011/02

Figure A.2 — Three types of dielectric resonators
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a) Open type resonator: a low loss dielectric rod is placed between two parallel
superconductor films. Two semi-rigid cables for the RF input and output magnetic dipole
coupling are attached on both sides of the resonator.

b) Cavity type resonator: the open type resonator shown in a) is placed in a conductor
(copper) cavity.

c) Closed type resonator: conductor (copper) cylinder is put between the superconductor
films.

The measuring apparatus on the cryocooler is protected from mechanical and thermal
disturbances, and installed in an X-Y and/or Z-axial manipulator for adjusting sample
positions in the range of approximately £1 mm.

A loop [ength of the antenna is designed on the basis of the quarter (wavelength [rule for
achieving the maximum measuring sensitivity.

A.4 Djmensions of the standard sapphire rods

Figures 013 @and TEgqy mode

resonat ductor films. As
shown i d by TM or HE mode
in comp TE mode and other
modes

ic/rods shall satisfy the dimg¢nsional
condition described in table 1.

As shov » esonator is selected from 0,49 to 0,55
in orde i ) ed by the other modes. This value
(d/h)? = A 0 for the TEgq¢ resonator. THe TEg44
resonar es when the value (d/h)? is in the region

of 4,4 tq 5,0 as shown jn figure

As the nesonant frequ ) i nction of €” and dimensions of the dieledtric rod,
its diamieter and G ‘

From th ‘ g A4, the value of &’ (d/Ag)? can be determined for each
(d/h)? value. Whe 8 Va equals 4,6, for example, the value of €’ (d/Ag)? equals 2,1.
Thus, f of TEgqq1 mode for the sapphire rod with dimersion of
(d/h)? = e following equation by specifying d and ¢’ of the gapphire
rod:

£'(d/Ag) = €'(d % fo/c)® = 21 (A.4-1)

Figure A.5 shows the results calculated by this method.

A.5 Precision and accuracy of the test method

Errors estimation [4][10], sensitivity, accuracy and repeatability for these methods can be
obtained by the error analysis concerning Ry as well as by the round robin test.
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A.6 Sapphire rod reproducibility

Knowing the value of tan ¢ of the sapphire rod is a difficult problem. One approach based on
the single and triple height rods involves the selection of a standard rod for each type. The
first step is to compare a large number of sapphire rods by measuring them in a single
HTS/sapphire resonator. The sapphire rod with the highest unloaded Q-value is the temporary
label of standard. This procedure is repeated for a set of triple height rods. The “standard”
single and triple height rods are then used as described above to obtain tan 6. The electrical
properties, €’ and tan J, of other rods can then be calibrated by a direct comparison against
with these standard rods. Using a calibrated single height rod it is then possible to extract the
Rg values of superconductor films under test.

3,0 T
‘ Incomplete area «— v/ . (b/
o N X N
A/ Y/
2,8 / /4\4? £
: &
/ 2 /7
/ .
26 / N L

4
7w

N
A\

£(dIAg)?

\

£=10
Cut off conditipn

1,0 1,2

IEC p12/02

Figul 3= i 013 =Ci i ends
by parallel superconductor films[11]
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Figure A.5 — Relationship between d and f; of the TEy¢41 resonator for &’
of the sapphire rod
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