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This|redline version of the official IEC Standard allows the user to identify the cha

INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -

Part 7: Electronic characteristic measurements —
Surface resistance of high-temperature
superconductors at microwave frequencies

FOREWORD

Thee International Electrotechnical Commission (IEC) is a worldwide organization for standardization comj
alllnational electrotechnical committees (IEC National Committees). The object of IEC is to promote interng
coloperation on all questions concerning standardization in the electrical and electronic fields. To this er
in pddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as “lE€ Publication(s)”).
préparation is entrusted to technical committees; any IEC National Committee interested in the subject ded
may participate in this preparatory work. International, governmental and non-goyernmental organizations |
with the IEC also participate in this preparation. IEC collaborates closely with;the International Organizat
Standardization (ISO) in accordance with conditions determined by agreement-between the two organizati

Thie formal decisions or agreements of IEC on technical matters express,/as nearly as possible, an intern
copsensus of opinion on the relevant subjects since each technical ‘committee has representation fr

itself does not provide any attention of>conformity. Independent certification bodies provide conf
essment service and, in some areas access’to IEC marks of conformity. IEC is not responsible for any sg
cafried out by independent certification bodies.

All users should ensure that they have the latest edition of this publication.

Nq liability shall attach to IEC or‘its’ directors, employees, servants or agents including individual exper
mg¢mbers of its technical committees and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee{
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC Publig

Attention is drawn to.the’ normative references cited in this publication. Use of the referenced publicati
indispensable for the.correct application of this publication.

Atiention is drawn:to the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall ot be held responsible for identifying any or all such patent rights.
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International Standard IEC 61788-7 has been prepared by IEC technical committee 90:
Superconductivity.

This third edition cancels and replaces the second edition, published in 2006. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) informative Annex B,

measurement has been added;

b) pf
C) re

—

The fext of this International Standard is based on the following documents:

Full information on the voting for the approval of this International Standard can be found i
repoft on voting indicated in the above table.

This document has been drafted in accordance with theASO/IEC Directives, Part 2.

A list
can |

The
main

relate¢d to the specific publication. At this’date, the document will be

e withdrawn;

e amended.

ecision and accuracy statements have been converted to uncertainty;
producibility in surface resistant measurement has been added.

FDIS Report on voting
90/447/FDIS 90/452/RVD

of all parts of the IEC 61788 series, published‘under the general title Superconduc
e found on the IEC website.

relative combined standard uncertainty for surface resistance

n the

jvity,

ommittee has decided that the contents.of this document will remain unchanged untjl the

enance result date indicated on the {EC web site under "http://webstore.iec.ch” in the

confirmed;

placed by a revised edition, or

data

that
of i

IMPORTANT ~~The 'colour inside’' logo on the cover page of this publication indi

cates

it contains colours which are considered to be useful for the correct understanding

s contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Since the discovery of some Perovskite-type Cu-containing oxides, extensive research and
development (R & D) work on high-temperature-exide superconductors (HTS) has been, and is
being, done 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—exide—superconductors HTS are being developed and are
undergoing on-site testing [1][2]1.

Supdrconductor materials for microwave resonators [3], filters [4],, antennas [5] and\delay
lines|[6] have the advantage of very low loss characteristics. The parameters of supefrconductor
matefials needed for the design of microwave low loss components are the surface, resistance,
(Rg) pnd the temperature dependence of the R,. Knowledge of this parameter|js of primary

impoftance for the development of new materials on the supplier side and‘for the design of
supefconductor microwave components on the customer side.

Recgntadvancesin-high-Te-superconductor(HTS)thinfilms-with-Rg R 'of high quality HTSffilms
is geperally several orders of magnitude lower than that of normalmetals [7] [8] [9] [10],{have
whiclh has increased the need for a reliable characterization technique to measure this property
[3741] Traditionally, the Rg of niobium or any other low-temperature superconducting material

was |measured by first fabricating an entire three-dimensional resonant cavity and [then
measguring its Q-value [11]. The Ry could be calculated({by solving the electro-magnetic| field

(EM)|distribution inside the cavity. Another techniqué involves placing a small sample insfide a
larger cavity. This technique has many forms but usually involves the uncertainty introducéd by
extracting the loss contribution due to the HTS<films from the experimentally measured|total
loss pf the cavity.

The best HTS samples are epitaxial films-grown on flat crystalline substrates and no high-qpality
films|have been grown on any curved.surface so far. What is needed is a technique thatf can
use these small flat samples; requir€s no sample preparation; does not damage or changg the
film; fis highly repeatable; has great sensitivity (down to 1/1 000 the Ry of copper); has great

dynapmic range (up to the R  of:Copper); can reach high internal powers with only modest |input
powdrs; and has broad temperature coverage (4,2 K to 150 K).

The dlielectric resonator method is selected among several methods-{5;6:7} to determing the
surfalce resistance at‘microwave frequencies because it is considered to be the most popular
and practical at.present. Especially, the sapphire resonator is an excellent tool for measpring
the R of HTS-materials{8;9} [12] [13] [14].

The flest,method given in this document can also be applied to other superconductor bulk plates
incluging low 7. materials.

This document 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.

The test method covered in this document 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 square brackets refer to the bibliography.
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SUPERCONDUCTIVITY -

Part 7: Electronic characteristic measurements —
Surface resistance of high-temperature
superconductors at microwave frequencies

1 Scope

This
supe

of mgasurement is the temperature dependence of Rg at the resonant frequency.

The applicable measurement range of R for this method is as follows:

n

- M

The |
comg

2 Normative references

The following documents are referred to in the-téxt in such a way that some or all of their co

cons
For
amer

IEC 60050-815, International Ele¢trotechnical Vocabulary (IEV) — Part 815: Superconduc

3 0

For t

ISO Ind IECnaintain terminological databases for use in standardization at the folld

addr

i

part of IEC 61788 describes measurement of the surface resistance (R
rconductors at microwave frequencies by the standard two-resonator method. The o

Fequency: 8 GHz < f< 30 GHz

easurement resolution: 0,01 mQ at 10 GHz

Rs data at the measured frequency, and that scaled te. 10°"GHz, assuming the /2 ru
arison, is reported.

itutes requirements of this document.,For dated references, only the edition cited ap
undated references, the latest edition of the referenced document (including
dments) applies.

erms and definitions

ne purposes of(this document, the terms and definitions given in IEC 60050-815 app

SSeSs;

ClElectropedia: available at http://www.electropedia.org/

bject

e for

ntent
blies.
any

ivity

wing

e |SO Online browsing platform: available at http://www.iso.org/obp

In-general-surface-impedance /. for conductors,-including-superconductors.is-defined-as-the
ratio-of the electric field £ to the magnetic field //y; tangential to-a conductor surface:

Zs=E AH = Re—+jXs

where Rq-is-the surface resistance-and-X,-is-the surface reactance-


https://iecnorm.com/api/?name=f70328b5d40b7f7980c756492bfb5e96

IEC 61788-7:2020 RLV © IEC 2020 -9-

4 Requirements

The R, 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
the Q- value, which corresponds to the loss.

The target-precision relative combined standard uncertainty of this method-is—a—coefficient-of

cool
the skin
with pold apparatus components can cause immediate freezing, as can-direct contact with a
spilldd cryogen. The use of an RF generator is also essential t¢" measure high-freqyency
properties of materials. If its power is too high, direct contact to human bodies can cauge an
immgdiate burn.

5 Apparatus

5.1 Measurement system

Figune 1 shows a schematic diagram of the system required for the microwave measurement.
The [system consists of a network analyzéer system for transmission measurement, a
meagurement apparatus, and a thermometer-for monitoring the measuring temperature.

An incident power generated from a suitable microwave source such as a synthesized swegeper
is applied to the dielectric resonator fixed in the measurement apparatus. The transmigsion
chargcteristics are shown on the\display of the network analyzer. The measurement apparatus
is fixed in a temperature-contrglted cryocooler.
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Vector network analyzer

Synthesized sweeper

* Thermometer

S-parameter
Test set

System interface !

Thermal'sensor

----------------------------

Cryocooler
IEC

Figure 1 — Schematic diagram\of measurement system
for temperature dependence of Rg using a cryocooler

For the measurement of R for superconductor films, a vector network analyzer is recommjnded.
A vegtor network analyzer has better measurement accuracy than a scalar network analyser
due llo its wide dynamic rangexThe performance requirements of the vector network anglyzer
are sppecified in 7.1.

5.2 | Measurement apparatus for Ry

Figune 2 shows. a-'schematic of a typical measurement apparatus (closed type resonatof) for
the R of-superéonduscter HTS films deposited on a substrate with a flat surface. The dpper

supefreconduetor HTS film is pressed down by a spring, which is made of phosphor bronze| The
plate| type spring-is—recommended-to should be used for the improvement of measurement
aceufagiuncertainty. This type of spring reduces the friction between the spring and the pther
part of the apparatus, and attows the smooth movement of superconductor fitms due to the
thermal expansion of the dielectric rod. In order to minimize the measurement-errer uncertainty,
the sapphire rod and the copper ring shall be-setin-coaxial arranged coaxially.

Two semi-rigid cables for measuring transmission characteristics of the resonator shall be
attached on both sides of the resonator in an axial symmetrical position (¢ = 0 and =, where ¢
is the rotational angle around the central axis of the sapphire rod). Each of the two semi-rigid
cables shall have a small loop at the ends. The plane of the loop shall be set parallel to that of
the superconductor films in order to suppress the unwanted Transverse Magnetic Wave Modes
(TM,,,,0 modes). The coupling loops shall be carefully checked for cracks in the spot weld joint

that may have developed upon repeated thermal cycling. These cables can move right and left
to adjust the insertion attenuation (/4). In this adjustment, coupling of unwanted cavity modes
to the interested dielectric resonance mode shall be suppressed. Unwanted, parasitic coupling
to the other modes reduces the high Q-value of the Transverse Electro-Magnetic Mode
(TE mode) resonator. For suppressing the parasitic coupling, special attention shall be paid to
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designing high-Q resonators. Two other types of resonators along with the closed type shown
in Figure 2 can be used. They are explained in A.4.

Screws

) Phosphor bronze
° plate spring

Hexagonal
head bolt

Coppen supports

4

Copper plate

Spot welding

Superconductor film

Copper ring

Small loop

|
o

Semi rigid
coaxial cable

\ Connector
M/

Superconductor film

Sapphire rod

Copper block

\\\\\\\l\\\e

I~ Screws to fix on
a cold stage

IEC

Figure 2 — Typical measurement apparatus for Rg

A reference line made of a semi-rigid cable 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. Semi-rigid cable with an outer diameter of 1,20 mm is recommended.
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In order to minimize the measurement-efrror uncertainty, two superconductor films shall be set
to be parallel to each other. To ensure that the two superconductor films remain in tight contact
with the ends of the sapphire rod, without any air gap, both of the surfaces of the films and the
ends of the rod shall be cleaned carefully.

5.3

Dielectric rods

Two dielectric rods with the same relative permittivity, ¢, and loss factor, tan o, 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 shall have height three times longer

than

It is

the other.

preferable to use—standard dielectric rods with low tan § to achieve thexreq

meagurement—aceuracy uncertainty on R,. Recommended dielectric rods are singte-c

sapp

Lisite
ystal

hire rods with tan & less than-10-% 2 x 10-7 at 77 K. Specifications on the sapphire|rods

are described in 7.1. In order to minimize the measurement error in Ry of the superconductor

films

both ends of the sapphire rods shall be polished parallel to each othér and perpend

to th¢ axis. Specifications for the sapphire rods are given in Clause 7.

icular

The diameter and the heights of the standard sapphire rods shall bbe, carefully designed s¢ that
the T[Eg44 and TEy43 modes do not couple to other TM, HE and(EH modes, since the co

betw

for the standard sapphire rods is described in Clause A.5 -TFable 1 shows typical examp

dimepsions of the standard sapphire rods for 12 GHz, 18 GHz and 22 GHz resona
At-hig

be sIt

sapp

Table 1 — Typical dimensjons of pairs of-standard single-crystal
sapphire rods for 12 GHz, 18 GHz and 22 GHz

pling

ben TE mode and other modes causes the degradation ef{unloaded Q. A design guideline

les of
nce.

- In the Ry measurement at 22 GHz the requrred f|Im dlameter can
to 20 mm, and the measured 0, is small\therefore the effect of the dielectric loss of
hire rod can be reduced.

Di Height
oHz i i
Short rod {TEy: resonator) 114 57
42 Longrod(TE;-resonator) et 4
Shertred{TEo+ resonator) 6 3.8
* Long-red{TEqss-resonator) 6 114
Shortrod{TE,; resonator) 62 34
-~ Longrod(TEq:;resonator) 62 93
Frequency Diameter, d Height, &
GHz mm mm
Short rod (TE,, resonator) 11,40 £ 0,05 5,70 + 0,05
12 Long rod (TE,; resonator) 11,40 £ 0,05 17,10 £ 0,05
Short rod (TE,,, resonator) 7,60 + 0,05 3,80 + 0,05
1® Long rod (TE, ; resonator) 7,60 + 0,05 11,40 £ 0,05
Short rod (TE,,, resonator) 6,20 + 0,05 3,10 + 0,05
2 Long rod (TE,; resonator) 6,20 + 0,05 9,30 £ 0,05
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6 Measurement procedure

6.1 Specimen preparation

From-errer uncertainty estimation, the film diameter shall be about three times larger than that
of the sapphire rods. In this configuration, the-reductien increase in-preeisien uncertainty of Ry

due to the different radiation losses between TEy,4 and TEyq3 mode can be considered

negligible, given the target-precision relative combined standard uncertainty of 20 %. The film
thickness shall be about-three two times larger than the-Lenden magnetic-field penetration
depth value ateaeh the maximum temperature in the measurement temperature range. If the
film thi epth,
the measured Rg should mean the effective surface resistance.

Tablg 2 shows dimensions of the superconductor films recommended for the standard sapphire
rods jof 12 GHz, 18 GHz, and 22 GHz.

Table 2 — Dimensions of superconductor film for 12 GHz, 18 GHz,'and 22 GHz

Gz e A m
12 114 =35 =0;6
18 6 s =0;5
22 6:2 >20 =05
c-cut single-crystal sapphire rod Superconductor film
Frequency Diametex<d Diameter, d’ Thickness
GHz am mm um
12 1540 + 0,05 > 35 =0,5
18 7,60 £ 0,05 > 25 =0,5
22 6,20 + 0,05 > 20 =0,5

In cape of using«€losed type resonators, the dimensions of the superconductor films shall also
be designed -taking into account the dimension of the copper cylinder between the
supefconductor films. A design guideline for the dimension of the copper cylinder of the closed
type resonator is described in Clause A.6.

6.2 —Setup

Set up the measurement equipment as shown in Figure 1. 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 Q-value. The specimen and the measurement apparatus
shall be fixed in a temperature-controlled cryocooler. The specimen chamber shall be-generally
totally 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 keptas-close-aspossible
shall not differ by more than 0,5 K. This can be achieved by covering the measurement
apparatus with aluminium foil or filling the specimen chamber with helium gas.
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6.3 Measurement of reference level

The level of full transmission power (reference level) shall be measured first. Fix the output
power of the synthesized sweeper below 10 mW because the measurement—acecuracy
uncertainty depends on the measuring signal level. Connect the reference line of semi-rigid
cable between the input and output connectors. Then, measure the transmission power level
over the entire measurement frequency and temperature range. The reference level can change
several decibels when temperature of the apparatus is changed from room temperature to the
lowest measurement temperature. Therefore, the temperature dependence of the reference
level must be taken into account.

0 1
Reference level -
at 7K ~

5 o

IS | Y

S 4

C h

o o

z %)
A

- N

Frequency GHz
IEC

Figure 3 — Insertion attenuation, 14, resonant frequency, f,
and half power bandwidth, Af, measured at 7 kelvin

6.4 | Measurement of the frequency response of resonators

The femperature dependence-of the Rg can be obtained through the measurements of resgnant
frequency, fy, and unloaded quality factor, Q,,, for TEy44 and TEy¢3 resonators, which shall be
meagured as follows.

a) Jonnect thesmeasurement apparatus between the input and output connectors (Figure 1).
Insert the standard short sapphire rod near the centre of the lower superconductor filnp and

b) Find the TEy44 mode resonance peak of this resonator at a frequency nearly equal to the
designed value of f;.

c) Narrow the frequency span on the display so that only the resonance peak of TE;,4 mode
can be shown (Figure 3). Confirm that the insertion attenuation, 74, of this mode is larger
than 20 dB from the reference level, which depends strongly on the temperature.

d) Measure the temperature dependence of f; and the half power band width Af. The loaded
QO-value, Q| , of the TEy4¢ resonator is given by

fo

QL:Af
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e)

g)

h)

The unloaded QO-value, Q,,, shall be extracted from the O, by at least one of the two following
techniques.

1) One technique for extracting the unloaded Q-value involves measuring the insertion
attenuation /4. Q, is given by

o —I14[dB]/20
Qu:1_AtaAt:10 98] 2)

The 14 of each temperature is determined as follows. In the Rg measurement system

shown in I:ignrn ’), a_somi rigir’l cahle is caonnected instead of the measur ent

apparatus, and the measurement system is short-circuited to determine the refefence
level. Measure the reference level at each temperature and use it to deterrline [[4 at
each temperature.

This technique of using insertion attenuation assumes that the couplingcon/both sides of
the resonator is identical. The coupling loops are difficult to fabricate, the orientatipn of
the loop is difficult to control, and any movement of the sapphire rod during measurgment
is not known. These assembly-dependent effects are also temperature dependent. This
potential asymmetry in coupling can result in large errors in"\calculating the coupling
factor if the coupling is strong (/4 <~ 10 dB). If the coupling is-.weak enough (/4 > 20Q dB),
asymmetry in the coupling becomes less important.

2) Another technique for extracting the unloaded Q-value\ifivolves measuring the reflgction
scattering parameters at the resonant frequency of both sides of the resonator.

Oy =0 (1+ B =52 (3)
_ B8] 4
A ['S11 [+ S22 | @
_ 18| 5
P2 S+ 1522 ©)

In-the—above-equations Equations (4) and (5), S44 and S,, are the reflection scattering

parameters as_shown in Figure 4, and are measured in linear units of power, not
relative dB. g4'and S, are the coupling coefficients.

This technigue of using the reflection scattering parameters has two advantages. It|does
not require the additional step of calibration of the reference level and it giVles a
measurement of the coupling values for both sides of the resonator. This also hag two
disadvantages. It only works for a narrow band resonance (which is fortunately the ¢ase)
and’is limited by the dynamic range of the network analyzer in measuring the reflgction
coefficients [15] [16]

A combination of the two techniques is—an—excellent“double” check—and-is—therefore
recommended useful for a "double" check.
The f; and O, measured for this short rod are denoted as fy4 and Q0,4 for TEy4 mode

resonance. By slowly changing the temperature of the cryocooler the temperature
dependence of fy4 and Q4 shall be measured.

After the temperature dependence measurement of f54 and Q,,4 is finished, the measurement
apparatus shall be heated up to room temperature.

Then, replace the TEy4 resonator in the apparatus with the TEgy 3 resonator at room

temperature, cool down the apparatus to a temperature lower than the critical temperature,
and measure the temperature dependence of f, and Q, of its TEy 3 resonance mode,

denoted as fy3 and Q,,3, in a similar way to the TEy, resonator case. When the length of
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the sapphire rod of the TE(3 resonator is precisely three times longer than that of the TE44
resonator, the fy5 of the TEy 3 resonator must coincide with fy4 of the TEy44 resonator. If
carefully designed, the difference between fy, and f3 is usually very small (<~ 0,25 %). We
can-treat-asfy—=+Fy4—Fo3r-thecalculations—of6-5 consider that the f; in equation (9) can
be replaced by fy4 or fp3.

A
c
Q0
e 1 _
= BN 1
3 N
o )
C [
2 ©
® v
© Y
- I
Jo
0 >
Frequency

IEC

Figure 4 — Reflection scattering parameters (5,4 and S,,)

6.5 | Determination of surface resistance of the supérconductor and &’ and tan § of{the
standard sapphire rods

itms;
Quﬁr?

Calclilate the temperature dependence of the R of the superconductor films, and &' and ftan &
of thI standard sapphire rods using.the temperature dependence of 0,1 and Q3. O,1 and 05
can hpe calculated using equations (1) and (2). If the measured temperatures for O 5 appgar to
be slightly different from those for Q,4, interpolation can be used for preparing adjlisted

tempgrature values for the former at the same temperatures for the later. Equations (6) td (12)
are gstablished in the~@pen type cavity, but when the superconductor film size is three {imes
larger than sapphireTod diameter, these equations can be used for closed type cavity.

:_30n2x3[2_hofe'+W(;_;J ©
BN 4 ) W Qun Qs
20 2
,_ 2, 2
g [n_d) (u +y )+1 (7)
w
1+—
' 3 1
tans=—2t | > 1 8
an (3—1)[Qu3 QUJ ®

where
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IR W) KgWKr (V) - K2 ()

W_Z 2
Ky (v) J1 () = Jo () (u)

In th
vacu
u? is
funct
deriv|

Gene
temp
rods

(10)

_~
EEN
EEN

~—

2| 2 ]
(2]
v ﬂ»n 2L

=70/

b equations, A is the free space resonant wavelengthy c is the—velosity speed of lig
im (¢ = 2,997 9 x 108 m/s), hq is the height of the~short standard dielectric rod. The
given by the transcendental Equation (12) using the value of v2, where J,(u) is the B
on of the first kind, and K, (v) is the modified Bessel function of the second kind
ptions of the equations are described in Clause A.3.

erature dependence of their sizes.,"However, the thermal expansion effect of the sap
can be neglected for the targetprecision-of-the relative standard uncertainty of R (2

It is Ioted that the measured-Rgy ' means the effective surface resistance if the film thickng

7

7.1

The

less than two times the temperature-dependent penetration depth.

Precision-and-acecuracy Uncertainty of the test method

Surfacexesistance

surface resistance (Rg) shall be determined from the Q-value measured with a dielg

resorrator technique.

(12)

ht in
alue

pssel
The

rally the thermal expansion coefficient of the rods must be known to determing the

phire
D %).

ss is

bctric

A vector network analyser as specified in Table 3 shall be used to record the frequency
dependence of attenuation. The resulting record shall allow the determination of QO to a relative
uncertainty of 1072,

Table 3 — Specifications for vector network analyzer

Dynamic range of S,, above 60 dB
Frequency resolution below 1 Hz
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 tan 6 of less than
108 2 x 1077 at 77 K 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 5.

Table 4 — Specifications for sapphire rods

Diameter +0,05 mm

Height +0,05 mm

Flatness below 0,005 mm

Surface roughness top and bottom surface: below 10 nm RMS

cylindrical surface: below 0,001 mm RMS

Perpendicularity within 0,1 degree

Axis parallel to c-axis within 0,3°

Surface roughness

mwg@“ﬂ

N~ x

Flatness
—

/\, Perpendicularity
Cylinder c-axis of - 2
axis crystal

~_ X

IEC

Figure 5 — Term definitions in Table 4

The ftechnique as described assumes that single- and triple-height sapphire rods can be
fabri¢ated with the same-tan 6. However, the variation of the tan 6 between nominally identical
rods,| cut from the same boule and polished by the same technique, may be as large as$ two
ordefs of magnitude? To date, the smallest variation in tan 6 between nominally identical
sapphire rods has'been a factor of fourf8}. Therefore, the uncertainty in the measured tanp ¢ is
largel The variation of tan 6 of the present sapphire rod causes an additional uncertainty up to
at legst 10%»in the surface resistance measurement. This limits the target-precision uncerfainty
of thg presént technique at-20 5 %. If reproducibility of sapphire rods is improved, or a seldction
methpd‘for standard sapphire rods is established, a target—precision uncertainty can be
improved.

7.2 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 Rg 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 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
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package.—Care—must-be-taken-to—aveid Temperature gradients with the apparatus shall be
avoided.

A cryostat shall be provided with the necessary environment for measuring R 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 temperature shall be reported to
an accuracy of +0,5 K, measured by means of an appropriate temperature sensor.

The difference between the specimen temperature and the holder temperature shall be
minimized by using shields with good thermal conductivity.

7.3

The support structure shall provide adequate support for the specimen.-His-imperative-tha
two fjlms shall be parallel and mechanically stable throughout the measurement) especig
a cryocooler and over a wide temperature range. The parallelism of the d¢wa films c3
achigved by using a sapphire rod satisfying the specifications described in“Table 4.

7.4

Condensation of moisture and scratching of the film deteriorate superconducting prope
Some¢ protection measures should be provided for the spetimens. Polytetrafluoroeth
(PTFE) or polymethylmethacrylate (PMMA) coating does notaffect the measurements,
they can be used for protection. A coating material thickness of less than several microm
is reqgommended.

7.5

For the dielectric resonance method, tan ¢ ofthe TEy4 mode and TEj 3 mode sapphire

are

to calculate the surface resistance usingzEquation (6). The effect of tan 6 deviation on su
resisfance was checked (see Annex-B). Uncertainty in the microwave surface resistan
supefconductors by dielectric resogator method depends on size, dielectric constant, tar
sapphire rods and uncertainty inNeasured Q of the resonator. The relative combined star
unceftainty is less than 20 %-($ee Annex B)

8

8.1

The fest specimen shall be identified, if possible, by the following:

a)
b)
c)
d)
e)
f)

8.2

Specimen and holder support structure

Specimen protection

gssumed to be absolutely equal. If tan\s*of two sapphire rods is different, it is not pod

Test report

Identification of test specimen

npgme.of the manufacturer of the specimen;

Uncertainty of surface resistance measured by standard two-resonator method

t The
lly in
n be

rties.
lene
thus
eters

rods

sible
rface
ce of
o of
dard

classification-and/or cymhnl;

lot number;
chemical composition of the thin film and the substrate;
thickness and roughness of the thin film;

manufacturing process technique.

Report of R values

The R values at the measured frequency, and that scaled to 10 GHz, together with their
corresponding fu4, fo3, Ou1, Qua» 14 andlor (B4, fo), ¢ and tan ¢ values, and their temperature
dependence shall be reported.
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8.3 Report of test conditions
The following test conditions shall be reported:

a) test frequency and resolution of frequency;
b) test maximum RF power;
c) testtemperature, accuracy of temperature and temperature difference in two plates;

d) sample history with temperature variation.
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A1

Annex A
(informative)

Additional information relating to Clauses 1 to 8

Scope

A.1.1 General

The

high-
at 10
meag
into 9

A.1.2

Figune A.1 a) shows a cavity structure using the TEy44 mode, which is Constructed from a c(

cylin
preci

highe
the R

A.1.3

Figune A.1 b) shows a structure of a parallel-plates resonator using the TM,, , mode, wh

cons
This

preci

and 3
resopance modes.

A.1.4

whic
devid

an uncertaindnfluence of the pattern fabrication process.

Figu:Le

establishment of the standard measurement method is needed to evaluate film qual
Fe-superconductor{HTS) films having low surface resistance, Rg, values such as.0,

GHz. Several resonance methods as shown in Figure A.1 have been proposed so
ure them in microwave and millimetre wave range. These resonator structures-are gro
ix types (see A.1.2 to A.1.7).

Cylindrical cavity method-[1}2) [10] [17]

ler and two HTS films. In the microwave range below 30(GHz, the R, measure
sion of this method is rather low, because the Rg value of the)copper cylinder is 100 {
r than that of HTS films. This method is suitable in the\millimetre wave region, beg
. values increase with /2 of HTS films and " for copper.

Parallel-plates resonator method-{2} [181/]19]

ructed by inserting a thin low loss dielectric spacer between two rectangular HTS

sion of thickness and tan ¢ of the dielectric spacer, uncertain estimations of radiation
n air-gap effect between the plates and the spacer, and critical excitation technique ¢

Microstrip-line resonance method-{1}, {3} [20] [21]

is fabricated by a pattern fabrication process and is close to the real microwave pa
es. Howeyver;*this method is not suitable for the HTS film estimation because it inc

A1.

Dielectric resonator method-{4},-[51-[71 [22] [23] [24] [25]

ity of
I mQ

ar to
uped

pper
ment

imes
ause

ch is
ilms.

method offers the possibility of megasuring extremely small R values, but from the
viewpoint of the absolute estimation of R there are some problems, such as low measure

ment

loss
f the

A.1 {c) shows'a/structure of a microstrip-line resonator using the-FEM, TEgmp mode,

5sive
udes

Figure A.1 d) shows a structure of a dielectric resonator using a TEy 4 mode, where a low loss
sapphire rod is placed between two parallel HTS films. For the TEOmp mode, we can eliminate
the air-gap effects, because the normal component of electric field does not exist on the HTS
films. In this method the R values of the HTS films have been measured by ignoring the effect
of tan §on the assumption of tan §< 1 x 1078 for single-crystal sapphire-{4} [24]. However, the
tan § values measured for sapphire at 10 GHz and near 50 K, as is well known, take values
between 1076 to 1078 due to quantity of lattice defect. Therefore, preparation of very-low-loss
sapphire rods with tan 6 <4+x10-% < 2 x 1077 (at 80 K and at 10 GHz) is essential for this

meth

od.
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f) Two-resonator method

Figure A.1 — Schematic configuration of several measurement
methods for the surface resistance

| " Image-type dielectric resonator method-[8] [26] [27]

IEC

Figure A.1 e) shows a structure of an image-type dielectric resonator using the TEy,5 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 Ry is measured by ignoring the
effect of tan 6.
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In an improved image-type sapphire rod resonator method, R, can be obtained with simple
calibration process. In this method, the exact Rg of a single HTS film can be obtained by one
measurement under the 20 % limitation of variation coefficient.

AA1.7 Two-resonator method-{9},{40] [28] [29]

In this method, two sapphire rod resonators with the same tan Jvalues are used; one is a TEy44
mode resonator and the other is a TEy43 mode resonator, as shown in Figure A.1 f). Similarly

to the dielectric resonator method, the air-gap effects can be eliminated in this method. The
tan dvalue of the sapphire rods and the Rg value of the HTS films can be determined separately

from [the resonant frequencies and unloaded-&'s O-values measured for these resonatofs by
using simple formulas derived from the rigorous analysis based on the mode matching method.
Thus| this method can eliminate the ambiguity of the tan ¢ affected to the R, measurements.

Actually, the results of Rg measured for six YBCO films with R, = 0,1 mQ at 12 GHz ‘have vefified

that the measurement-precision uncertainty of-48 20 % is realized by this method-{40}|[22].
However, if there is a difference between two tan ¢ values (Atan ¢), the-errfars-of uncertaipty in
R dde to Atan 6 must be taken into account. This effect-will can be estimated from results of

the inter-laboratory round robin test of the same HTS films by this méthod. Recently, the |Rg of
YBCO film was measured three times and its deviation was less than 20 % (see Figure A{11).

As alresult of comparisons among the six methods described above, the two-resonator method
is reqgommended as the standard measurement method of R of HTS films, due to the follqwing

two gdvantages:

— apsolute measurement of Ry is possible;

— the numerical treatment is simple and easy.

A.2 | Requirements

Higher measurement frequencies are desirable for determination of lower Ry because Ry of

supefconductor films increases-with the frequency according to the f2 rule. The size df the
resonators also can be made.smaller by using higher measurement frequencies. Howe\er, it
becomes difficult to set up a_microwave measurement system as the measurement frequency
becomes higher.

For fhe measureméni temperatures of below-30 10 K or above 80 K, this test methpd is
suffigiently applicable, where some new cooling techniques may be required.

A.3 | Theory and calculation equations

Figune A 2 shows the configuration of the-TEg. TFEc ~— mode resonator which is used to
eliminate the air-gap effects. A cylindrical dielectric rod with diameter, d, and height, 4, is short-
circuited at both ends by surfaces of two parallel superconductor films deposited on dielectric
substrates with diameter, d’, thus constituting a resonator. These superconductor films are
required to have the same value of R,. The value of Ry is calculated from the measured resonant
frequency £, and unloaded quality factor O, for the-TEgs, TEj,,, resonance mode. When the
two superconductor films have different values of Ry, the measured Rg value corresponds to the
average value of these two films.
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gure A.2 — Configuration of a cylindrical dielectric rod resonator short-circuite

d

at both ends by two parallel superconductor films deposited on dielectric substrates
The yalue of Ry is given by [25]
Rs :l i—tané (A.1)
B0,
wherp
AL (A.2)
&
21 %o 3 1+w
sz (_j P} _1!21 1] A.3
2h) 30n%e’' (A-3)
C
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fo
2 2
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2 2
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In Equations (A.1) and (A.2), & and tan ¢ are the relative permittivity and the loss factor of the
dielectric rod, respectively. In Equations (A.3) and (A.4), iy is the free space resonant

wavelength, and ¢ is the—velesity speed of light in vacuum (c =2,9979 x 108 m/s). The
function /¢’ equals the ratio of electric-field energy stored outside to that stored inside the
dielectric rod. If all of the electric field is concentrated inside the dielectric rod, the value W
equals zero.

The value u2 is given by the transcendental Equation (A.7) using the value of v2, where J,(u) is
the Bessel function of the first kind and K, (v) is the modified Bessel function of the second kind-
respectively. For any value of v, the mth solution u exists between ug, and u4,, Where
Jo(ug),) = 0 and Jy(u4,,) = 0. The first solution (m = 1), which is used for easy mode identification,
is shown in Figure A.3 by curve (A). The computed result of the W-v relation for m =4 of TEOmp
resomance mode is shown in Figure A.3 by curve (B).

UZA A /4

11

10

IEC

Figure A.3 £ Computed results of the x-v and W-v relations for TEy,, mode

The yalue of g.is given by

2
g =(ﬂ} (2 +12)+ 1 (A.8)

using the value of v2 and 2.

In the two-resonator method, a pair of dielectric rods, which are called "standard dielectric rods",
are used. These two rods have the same diameter but have different heights. The rod heights
are such that one rod is p times the height of the other; p is commonly set equal to three. They
are required to have the same values of ¢ and tan 6.
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Figure A.4 shows the configuration of the standard dielectric rods in the case of p = 3. To avoid
confusion, the height of the short standard dielectric rod is denoted by #,. Each resonator is

called "TE44 resonator" and "TE43 resonator”, respectively. The same superconductor films
are used in these resonators. The values of f; and @, for the TEy{4 mode are measured using
the TEyq4 resonator, and those for the TE(;, mode are measured using the TE;;, resonator.
We denote the f; and Q, for each resonator by using the subscripts 1 and p, respectively: fq4
and Q4 for TEy44 resonator, and fy, and Q,,, for TEy,, resonator.

Superconductor film

o

I

3

od 1 Dielectric\rod

|
i
\

2z e P e
-\ o = N
L - < Y y - p
T 777777777777 7777 77777777777 777)
Electric field
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IEC

Figyre A.4 — Configuration of standard dielectric rods for measurement of R, and tan ¢

The

value of tan & is given from the measured Values of Q,. When the TEg,, resona

or is

precigely p times longer than the TE44 resonator,fop coincides with f54. However, Qup is hjgher
than (0,4 according to the different magnitude of the electric field energy stored in thg two
resomators. Because both dielectric rods are short-circuited at both ends by the $ame
supefconductor films, Equation (A.1) yields
ons—A [ p 1] (A-9)
(p_'])LQup Qu'])
tans=—4_| 3 __1 (A.9)
(3 1) Qup Qu1
As an alternative method, the value of Ry of superconductor films can be directly measurgd by
3
30“217 {2}10 \ e+ W ( 1 1 (A_10)
g = = A
° (P_1)L],0J 1+WLQU1 QupJ
302x3( 2 Ceaw( 1 1
3073 2 | gk T 1 (A.10)
(3—1) 20 1+W QU1 Qup

where Equation (A.10) is derived by substituting Equation (A.9) into Equation (A.1).
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A.4 Apparatus

Unwanted parasitic coupling to the other mode reduces the high QO-value of the TE mode
resonator. For suppressing the parasitic coupling, special attention is paid to design
high O-value resonators. Three types of resonators are proposed and shown in Figure A.5.

' Copper cavity
Spring Spring

Superconductor

films Copper cylinder
= N =i
— =t : :

Dielectric rod

a) Qpen type resonator b) Cavity type resonator c) Closed type resonator,

EC

Figure A.5 — Three types of dielectric resonators

a) Qpen type resonator: a low loss dielectric rod is placed between tino'parallel superconductor
fiilms. Two semi-rigid cables for the RF input and output magnetic dipole coupling are
aftached on both sides of the resonator. In this configuratien, the vertical position gf the
cpupling cables should be carefully designed so as to prevent the radiation loss propagfating
ajong the coupling cables, which degrades the high QO-value of the TEOmp mode and cduses

the increase in error for the R; measurements. The.goupling cables should be set as ¢lose
as possible to the lower superconductor film.

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

c) (losed type resonator: conductor (copper) cylinder is put between the superconductor films.
In this configuration, the radiation lossralong the coupling cable is strongly blocked by the
copper cylinder. The vertical position of the coupling cables (z) at the highest Z-axis
magnetic field component (), i-e. z = h/2, is recommended.

The [measuring apparatus on(the cryocooler is protected from mechanical and thgrmal

distufbances, and installed in an X-Y and/or Z-axial manipulator for adjusting sample positions
in the range of approximately £1 mm.

A logp length of theantenna is designed on the basis of the quarter-wavelength rule for
achigving the maximum measuring sensitivity.

A.5 | Dimensions of the standard sapphire rods

FigulenA’6 and Figure A.7 show the mode charts for designing the TEy;4 and TEj4; node
resonators, respectively, short-circuited at both ends by parallel superconductor films, in which
a uniaxial-anisotropic characteristic of the relative permittivity of the sapphire rod is taken into
consideration{44} [28]. &, is the relative permittivity in the direction of the c-axis, &, is that in
the plane perpendicular to the c-axis, d is the diameter of the sapphire rod, # is the height of
the sapphire rod, and 4, is the free space resonant wavelength. As shown in Figure A.6 and
Figure A.7, TEy453 resonance mode is apt to be affected by TM or HE mode in comparison with
TEgq4 resonance mode. Since the coupling between TE mode and other modes causes the
degradation of unloaded Q, the (d/h) of the sapphire rods shall be selected so as to avoid the
unwanted couplings.

As shown in Figure A.7, the value (d/h)? for the TE(,5 resonator is selected from 0,24 to 0,46
in order that the TEy,3 resonance mode is not affected by the other modes. This value
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(d/h)? = 0,24 to 0,46 leads to a value of (d/h)? = 2,2 to 4,1 for the TEq4 resonator. The TEg4

resonance mode does not also couple with other modes when the value (d/k)?2 is in the region
of 2,2 to 4,1 as shown in Figure A.6.

As the resonant frequency of TE mode is a function of relative permittivity and dimensions of
the sapphire rod, its diameter and height are selected so that the desired f is obtained.

From the curve of TEy;, mode in Figure A.6, the value of & (d/1;)? can be determined for each
(d/h)? value. When the value (d/h)? equals 4,0, for example, the value of &, (d/4)? equals 1,92.

Thuspthe

is ca

g(dlA)?

nnnnnnnnnnnnnnnnnnn of TE odafortha conn Aot Ao s i A f ( J/PND 4.0
tare roouvuiritarnit IIU\1U\4IIU’ VT L} I_011 lIIVUU I\.II are \JUPPIIII\J IUU VVII.II A AARBAYIRE-AAV AN BA v, ) \M Il/ y
culated from Equation (A.11) by specifying 4 and ¢, of the sapphire rod:
e (d/ 2g)? =& (dx fy /¢)* =1,92 (A.11)
TE HE
013 311
HE HE, 5 TMg44
112 EH
05 211
3 - l: T i | i i 1 1’ T i | g TM120 (Qf: 9)
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Figure A.6 — Mode chart to design TE({, resonator short-circuited at both ends
by parallel superconductor films-[14} [28]
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| ™5 (Q,=9)
4 EH
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M, (Q,= 56)

15 /HE112
7 “/HEZ‘H
‘)'7: ITMOZO
E " T ©;=9)
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1,0
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0,5 —
n M40 (0,=9)
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0,0 0,2 0,4 0:44 0,6 0,8 1,0
X2 = (ahh)? £c
Figure A.7 — Mode chart to design TEyq3 resonator short-circuited
at both ends by parallel superconductor films-[41]} [28]
A.6 | Dimension of the closed type resonator
In th¢ closed type résonator, a copper cylinder is put between the superconductor films and a
sapphire rod is _placed in the center of the copper cylinder (Figure A.5c)). The reso¢nant
frequency of¢ ) _each changes with the inner diameter of the capper

cylinder, D. Therefore, D shall be selected so as to avoid the unwanted coupling with the
modes. In-Figure A.8 and Figure A.9, mode charts of the closed type resonators are shown for

the short'sapphire rod ((d/h)? = 4) and the long sapphire rod ((d/h)2 = 0,44), respectively,

bther

as a

functjon¥of S = D/d-144] [28]. The ranges of S to separate the TE, 44 and the TE, -, modes

simultaneously from the others are S = 1,8 to 2,8, 3,8 to 4,1 and 4,8 to 5,2. The value
of S = D/d = 4 is recommended because of the ease with which it can be treated.
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Figure A.8 — Mode chart for TE;,4 closed-type resonator [28]
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A.7 | 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 ¢, of other rods can then be calibrated by a direct comparison with these
standard rods. Using a calibrated single-height rod, it is then possible to extract the Ry values

of superconductor films under test.
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A.8 Test results

Figure A.10 shows the temperature-dependent R of a YBCO film with a thickness of 500 nm
and size of 25 mm square. The YBCO film was formed on MgO substrate by a co-evaporation
method. The measurement was carried out at 21,8 GHz, which was converted to 10 GHz by the
2 rule.

£

R|[MmQ]

YBCO(500 nm)/MgO
10 GHz

/ C)
— K
01 F e -
E a’"”. Q 6\ .
\
~N
0101..11...10)..11‘.1..1>
0 20 Z\\SS\ 60 80 100
. ®$ Temperature [K]
A\ IEC
xO

Figure A.10 — Tempe re-dependent R, of YBCO film with a thickness
@B 0 nm and size of 25 mm square

A.9 Reproducibi@)f measurement method

In ordler to evalég&'the reproducibility of the surface resistance measurement, R of the $ame

sample was sured three times and the variation of R, was examined. The sample was feset

to th m@rement cavity each time. Figure A.11 shows the results. Measurement| was
r t

perf a frequency of 21,8 GHz and converted to 10 GHz according to the /2 rule|[30].
The tion in R, was within 10 % in the temperature range of 10 K to 80 K.
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Figure A.11 — Temperature depend;)?&s of YBCO film when R was
measured thvee times

From the results, the standard deviation &Q}ach temperature can be calculated and its values
are shown in Table A.1. %)
Q\

Table A.1 — Sta ’EQrd deviation of the surface resistance
calcul\ d from the results of Figure A.11

-

Temperature (K) _ * ] 20 40 60 80
W

Standard deviagiept%) 0,32 0,23 0,90 6,9

C)\J
@.

A.10 tan JGgViation effect of sapphire rods on surface resistance

stimed

v - 3 A Sas SHere R SASEINCES bleto-calculate
the surface resistance using Equation (6). Therefore, it is necessary to check the effect of tand
deviation on surface resistance. tan ¢ of the high-purity sapphire rod used for the standard
surface resistance measurement is extremely small, less than 2 x 1077 [22]. Using such a
sapphire rod, uncertainty in the surface resistance is quite small; however, if sapphire rods with
a large tan ¢ are used, uncertainty in the surface resistance increases. tan §,0f the sapphire

rod for TEyq4 mode is assumed to be 2 x 1077 and tand; of the sapphire rod for TE;,3 mode

changes according to that value. The difference in tan ¢ of the two sapphire rods is defined as
in Equation (A.12) and the change in surface resistance as in Equation (A.13).

xzwxmo

ano, [%] (A.12)
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(A.13)

R can be calculated using Equation (A.14) when tan §; and tan ;5 are different. The relationship
between x and y is shown in Table A.2. When the difference in tans of the two sapphire rods

exceeds +50 %, the change in surface resistance exceeds £18 %.

R = L(i— tanélj = L(i— tan53j
Bl Qul B3 Qu3

(A.14)
w
4,51+ s
‘ &
Y 1+ Qq’g
+

B :pZL—OJ ———.(p=13) la) A.16)

’ 25, 307[2.91’, (bj\ .

2 2
w0 KK () = K () ,<\‘b A7)
K" (v) J, () = Jo(u)J,(u) C)@
2 2
V2= zdo | Ay ;\\Q/ A.18)
Ao 2h, << @)

L Iy() _ Ko(w) O aro)

0 0 .

() " Kiv) >
%
O
Table A.2 — Relationship b&\ween x, defined by Equation (A.12),
and y, d&@ed by Equation (A.13)
\20
x (Po) -50 -40 -30 \g 0 -10 0 +10 +20 +30 +40 +50
Fa
\\\J
v (Yo) 18,0 14,4 1@ 7,2 3,6 0 -3,6 -7,2 -10,8 -14,4 -18,0
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Annex B
(informative)

Evaluation of relative combined standard uncertainty
for surface resistance measurement

B.1 Practical surface resistance measurement

A superconductor shows a significantly increased surface resistance when irradiated by a high
frequercycorrentT theTTicTowave Tange T trereare severarmethods formeasurimygsuyface
resisfance, but the dielectric resonator method can measure surface resistance the |most
accufately. The method is described in Annex A. Figure B.1 shows these two resopafefs |used
to me¢asure the frequency characteristics of TEj44 and TEg43 modes.

Superconductor film

od Dielectric rod

A
Y

SHE |

== =

C — 77— I <L
s o,

Electric field
——— Magnetic field

IEC
Figure B.1 — Schematic diagtam of TE;,4 and TEj,3 mode resonance

Figu:|e B.2 shows the typical freqirency characteristics of TEy;4 mode resonance. ¢ 4 is
deteqmined using the results of his measurement and Q4 is calculated using Equation (§.2).

_Jo
Qu—Af (B.1)

Qu1=%’At=1O—IA[dB]/20 (B.2)
t
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Figure B.2 — Typical frequency characteristics of TEy{(mode resonance

B.2 | Determination of surface resistance of the superconductor

The | microwave surface resistance of the~\guperconductor is obtained

Equations (B.3) to (B.8).

3
R _3011:2><3% g+w| 1 1

ST 3.1 Lo} 1+W{Q_U1_Qu3}

y_ JE ) KoKy () —KE (1)
K2 () JE W)~ Jo(u)Jp(u)

<[]z

from

(B.3)

(B.4)

(B.5)

v J

o) __ Ko(v)
@ K

(B.8)

Here, d and kg are the diameter and height of the sapphire rod, respectively, ¢'is the effective
relative permittivity of the sapphire rod, ¢ is the speed of light in vacuum, and f; is the resonant

frequency of the resonator.



https://iecnorm.com/api/?name=f70328b5d40b7f7980c756492bfb5e96

- 38 - IEC 61788-7:2020 RLV © IEC 2020

B.3 Combined standard uncertainty

B.3.1 General

By partially differentiating the equation (B.3) with &g, &', W, Q,4, and Q,3, the equation of
uncertainty shown in Equation (B.9) is obtained.

2 2 2
-3 (afe) (s o (%)
c — - ’
R? oh ) \ Ry Oe R ow ) \ R

2 2 2 2

+[6Rs [6Qu1j +[ 6st (6Qu3J e 2

unknown **unknown
8Qu1 Rs aQu3 Rs

(5]’1 = hu1,58' = 8’u2,5W = Wu3,5Qu1 = Qu1u4,5Qu3 = Qu3u5)
2 2 2
RV ( hY o (R V(&Y 2 (R V(WY »
=|— — | U +| — — | Uz +| — — | uz
oh ) | Ry %' ) \ Rg ow ) \ R

2 2 2 2

+[6Rs (Qm] uﬁ—i—( aRs J (QUSJ ué +02k ”2k

unknown,*unknown
aQu1 Rs aQu3 Rs

2 2 2 2 2.2 2 2
=CpuUg + Uy +C3uz +Ccquy + C5Us + Cynknown Yunkhotvn

The yariables ¢ known @Nd “ynknown iN Equation (B.9)represent in the uncertainty of unkpown

factofs of measurement system, for example, noise<actor. The variables in Equation (B.9) are
exprgssed by Equations (B.10) to (B.14).

ORs*lr" 3Ry

o = OB _SRshy g (B.10)
oh 'Ry hy Ry

=R e ¢ (B.11)
0" Ry &'+W

R W A=W

ST R, AW W) (P-12)

cq=Bs QO (B.13)
aQu1 Rs Qu3_Qu1

05 _ aRS QU3 _ QU1 (B14)

- aQu3 Rs - Qu3 _Qu1

B.3.2 Calculation of ¢, to ¢5 (12 GHz resonance at 20 K)

When calculating uncertainty using the Equation (B.9), it is necessary to specify the resonant
frequency. Here, we will discuss a typical 12 GHz resonator.

12 GHz resonator (fy = 12 GHz, d = 11,4 mm, hy = 5,7 mm)

Using the above values, we can calculate v2 and u2 by Equations (B.6) and (B.7).
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v2 =7,815, u?> =9,09 (B.15)

¢ and W are determined by Equations (B.4) and (B.5).

£'=9,22, W=0,16 (B.16)
Then ¢, and ¢ can be determined using Equations (B.11) and (B.12).
¢-=0,083—¢x=—0:122 A(3.17)
: N\
In onder to determine ¢, and c¢5, we have to know the values of unloaded QUQ-and Ou3-
Y. Kgbayashi reported Q,4 and Q.3 at 20 K, 12 GHz [28]. Their reportedl/%lues were
Ou1 F 2000 000 (O, 1 =1800000) and Q,3 =7 500 000 (Q, 3 =6 750 OOO).E@refore, cj and
cs. chn be calculated. Q)j\ .
AD
¢4 =1,364, c5=0,3636 CO'\ (B.18)
B.3.3 Determination of u to uy ‘\\Q/
u4 tolug, which are derived from the uncertainty of the d@n@eter, height and dielectric confstant
of sapphire rod and Q4 and Q5 of the cavity, are ¢ ated by the following procedures
N\
1) u 5\0\
u} is determined by the uncertainty of\&@height of the sapphire rod. The height df the
sppphire rod of the 12 GHz reso@tor is 5,7 mm, and its uncertainty is 50| ym.
Therefore, u4 is as follows. o
)
xO
=905 4 00507 3.19
2 N
up is determine the uncertainty in the effective dielectric constant &5 of the sapphire
r¢d and can @calculated using Equation (B.20).
QCD 1 ¢'—¢j
Q Up = —=—— (B.20)
< €

where ¢j is the relative permittivity induced from uncertainty in the shape of the sapphire

rod.
2
a'=[ij (4§ +8)+1 (do =11.4mm, o =5,7 mm) (B.21)
ﬂdo
2
(A (2.2 - -
&5 = _d Uups +V05 +1 (d05—11,45mm,h05—5,65mm) (B22)
LY
and ug, vq, ugs and vqs are calculated using Equations (B.23) and (B.24).
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2 _(mdo | (3% | 4| 2 _[mdos | |(3k | _
-] [(%J }[ o {(%5] ] 525

Jolg) _ Ko(vo) ~ Jolugs) _  Ko(vos) B 24
% Jy(up) 0 K1(vp) 1o J1(ups) 109 K1(vos) (824

As aresult, we find that ¢' = 9,22 and g5 = 9,29.

up, =0,004 4 Q( B.25)
Q
ug can be determined using Equation (B.26). (19(1/
1 W-Wws Q)j\
Uz =— B.26
N
W is determined using Equation (B.5) and W5 comes from rtainty in the shape qf the
sapphire rod and can be determined by using Equation ( R Q:

J1 (us) Ko(Va)Kz(V Tvs)
K2 (vy) TR (ug) \JQ(ua Vo (it5)

(B.27)

y calculating W and Wy using uq, vq, uggs, v, “m Equations (B.23) and (B.24), u3 turns gut to

B
hpve the following value. \"Q
% -0,0143 (B.28)
xO
M4 and M5
O

, and ug are determine@ measuring the uncertainty in 0,4 and Q3. The measurement
the uncertainty in Q.and Q3 has the most influence on the dynamic range uncerfainty

the vector net analyzer and other factors are negligible. Since the dynamic fange
ncertainty in th ommended vector network analyzer is +0,1 dB, u4 and ug are calculated

5ing this va ‘Regarding the frequency characteristics of the resonator in Figure B.2, the
equency racteristic near the resonant frequency is assumed to be a Lorentz
0]

stribu%@

@)
% Si2(/) 1 1

V= = =

S i i
12(fo) (1+Q|_2A2(f)) 2 [1+(f_f0j2} 2

Q=hc c O O =
¢

/1

A(f)=1-

2 2 _
%z (S~ /o) (B.29)

Jo

The frequency characteristics are shown in Figure B.3 The curve can be approximated by
Equation (B.29), where f; is the resonant frequency and 2f; is the bandwidth at 3,01 dB.
The frequency bandwidth which is 3,01 dB below the resonance peak is defined as Af and
it corresponds to the bandwidth across 0,707 in Figure B.3. The 0,1 dB of the dynamic
range uncertainty corresponds to 0,008 in Figure B.3. Therefore, 0| 1, O| 15, O3, and 0| 35
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can be calculated. O, 4 and Q| 3 are reported as 1,80 x 106 and 6,75 x 108, respectively [28].
Using these values, we can calculate Q| 15 and Q| 3;.

=1,80x10°, =1,84x10°, =6,75x10°, -6,90x10°
L1 Qs 3 35

Assuming insertion attenuation (Z4) = 20dB, 0,1, Oy1s Qu3, and Q35 can be calculated.

041 =2,00x108, Q15 =2,044x10°, Q,3 =7,5x10%, Q35 =7.67x10°

T IIUUB;I t;IUbU bdibuidt;Ullb, t;IU VdiUUb Uf bt4 dlluI bt5 dl© UIUtd;IIUd.
1 —
uy = Qw1795 _ g 919 (B.30)
\/§ Qu1
1 _
MSZ_M:_O,OH (B.31)
\/g Qu3
A
y A
1,00

c :
§ , )
2 /L Bt
2 oY, N\
© e P
N H
; N\
° Resolution of vector network
- analyser (+0,1 dB = +0,008)

e 2n,

Jo=/i Jo Jot/y x=f

Frequency

IEC

Figure B.3 — Frequency characteristics of a resonator approximated by
a Lorentz distribution

B.3.4 Combined relative standard uncertainty

Uncertainties in ¢ and u

cavity cavity due to the loss of copper cavity is quite small,
however ¢ known @Nd U nknown are not small. The combined standard uncertainty at 20 K is
calculated as follows.
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2 2 2 2 2 2 2 2 2 2 2 2
Ue = \/C1 uq +cuy +c3uz + gy + C5Us + CynknownUunknown

2020

= /2,31x1074 +0,187x1074 +0,030x 107 +2,68x 107 +0,223x10™ + 2 knowntiZnknown  (B.32)

_4 2 2
= \/5, 43x10™" + c{jnknownnknown

It is difficult to quantitatively evaluate ¢ nknown“unknown iN Equation (B.32), but its value can be
estimated from the results of surface resistance measurement repeated three times. The
variation observed when measuring the surface resistance of the same films repeatedly is
believed to be due to the noise and temperature uncertainty of the measurement system.

Taokbl 4 P2y

Theref

for 2

measg
unce
smal

Whenp the measured temperature exceeds 70 K, large noise is superimp &1 bn the reson

peak
with

asis
stang

PN fraona th raculic o A PN N aiimaotad oo oSbh oyt
PTUTO, TTUTTT UITC TOUouUuIto 11T TAavIre 7\T, Lunknownl/lrunknown wAdTTl VU LolrTiatuvu 'do duvuul U,
D K, about 0,9 % for 60 K, and about 6,9 % for 80 K (c,nknown“unknown increasg
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FOREWORD

e International Electrotechnical Commission (IEC) is a worldwide organization for standardization comy
national electrotechnical committees (IEC National Committees). The object of IEC is to promote interng
operation on all questions concerning standardization in the electrical and electronic fields. To this er
hddition to other activities, IEC publishes International Standards, Technical Specifications, Technical Rq
blicly Available Specifications (PAS) and Guides (hereafter referred to as “lEC Publication(s)”).
bparation is entrusted to technical committees; any IEC National Committee interésted in the subject ded
y participate in this preparatory work. International, governmental and non-goyernmental organizations |
h the IEC also participate in this preparation. IEC collaborates closely withsthe International Organizat
hndardization (ISO) in accordance with conditions determined by agreement*between the two organizati

e formal decisions or agreements of IEC on technical matters express,/as nearly as possible, an interng
hsensus of opinion on the relevant subjects since each technical ‘committee has representation fr

C Publications have the form of recommendations for international use and are accepted by IEC N
mmittees in that sense. While all reasonable efforts are-made to ensure that the technical content
blications is accurate, IEC cannot be held responsible¥for the way in which they are used or fd
Sinterpretation by any end user.

order to promote international uniformity, IEC National Committees undertake to apply IEC Public

IEC Publication and the corresponding national.or regional publication shall be clearly indicated in the

C itself does not provide any attention .of;conformity. Independent certification bodies provide conf
sessment service and, in some areas accessto IEC marks of conformity. IEC is not responsible for any s¢
fried out by independent certification badies.

users should ensure that they have the latest edition of this publication.

liability shall attach to IEC or‘its’ directors, employees, servants or agents including individual exper
mbers of its technical committees and IEC National Committees for any personal injury, property dam
er damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees
benses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC Publid

ention is drawn to-the/normative references cited in this publication. Use of the referenced publicati
ispensable for the.correct application of this publication.

ention is drawn:to' the possibility that some of the elements of this IEC Publication may be the subject of
hts. IEC shall not be held responsible for identifying any or all such patent rights.

national” Standard |EC 61788-7 has been prepared by IEC technical committesg
rconductivity.
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This third edition cancels and replaces the second edition, published in 2006. This edition
constitutes a technical revision.

This edition includes the following significant technical changes with respect to the previous
edition:

a) informative Annex B,

measurement has been added;

b) precision and accuracy statements have been converted to uncertainty;

c) reproducibility in surface resistant measurement has been added.

relative combined standard uncertainty for surface resistance
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The text of this International Standard is based on the following documents:

FDIS Report on voting

90/447/FDIS 90/452/RVD

Full information on the voting for the approval of this International Standard can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.

A list of all parts of the IEC 61788 series, published under the general title Superconductivity,
can ke found on the IEC website.

The ¢gommittee has decided that the contents of this document will remain unch@nged untjl the
maintenance result date indicated on the IEC web site under "http://webstore dec/ch" in theldata
relate¢d to the specific publication. At this date, the document will be

e rgconfirmed;

—

e withdrawn;

e r¢placed by a revised edition, or

—

e amended.

IMPIORTANT - The 'colour inside’' logo on the\cover page of this publication indi¢cates
that it contains colours which are considered to be useful for the correct understanding
of ifs contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Since the discovery of some Perovskite-type Cu-containing oxides, extensive research and
development (R & D) work on high-temperature superconductors (HTS) has been, and is being,
done 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 HTS are being developed and are undergoing on-site testing

(117 [2].

Supdrconductor materials for microwave resonators [3], filters [4], antennas [5] and\delay
lines([6] have the advantage of very low loss characteristics. The parameters of supefconductor
matefials needed for the design of microwave low loss components are the surface, resistance,
(Rg) pnd the temperature dependence of the R,. Knowledge of this parameter|js of primary

impoftance for the development of new materials on the supplier side and‘for the design of
supefconductor microwave components on the customer side.

R, oflhigh quality HTS films is generally several orders of magnitude lower than that of ngrmal

metals [7] [8] [9] [10], which has increased the need for a reliable characterization technique to
meagure this property. Traditionally, the Ry of niobium ,orJany other low-temperature

supefconducting material was measured by first fabricating an entire three-dimensgional
resonant cavity and then measuring its O-value [11]. The Rgcould be calculated by solving the
electfo-magnetic field (EM) distribution inside the cavity{Another technique involves placfng a
smal| sample inside a larger cavity. This techniquehas many forms but usually involveg the
unceftainty introduced by extracting the loss contribution due to the HTS films from the
expefimentally measured total loss of the cavity:

The hest HTS samples are epitaxial films grown on flat crystalline substrates and no high-quality
films|have been grown on any curved surface so far. What is needed is a technique thatf can
use these small flat samples; requires. o sample preparation; does not damage or changg the
film; fis highly repeatable; has great sensitivity (down to 1/1 000 the Ry of copper); has preat

dynamic range (up to the Rg of capper); can reach high internal powers with only modest |input
powdrs; and has broad temperature coverage (4,2 K to 150 K).

The dielectric resonator.method is selected among several methods to determine the sufface
resistance at microwave frequencies because it is considered to be the most populaij and
practical at present—Especially, the sapphire resonator is an excellent tool for measpring
the R of HTS materials [12] [13] [14]

The flest méthod given in this document can also be applied to other superconductor bulk plates
inclufling‘lew T, materials.

This document 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.

The test method covered in this document 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 square brackets refer to the bibliography.
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SUPERCONDUCTIVITY -
Part 7: Electronic characteristic measurements —

Surface resistance of high-temperature
superconductors at microwave frequencies

1 Scope

This [ part of IEC 61788 describes measurement of the surface resistance\(R{) of

supefconductors at microwave frequencies by the standard two-resonator method. The gbject
of mgasurement is the temperature dependence of Rg at the resonant frequency.

The applicable measurement range of R for this method is as follows:

n

Fequency: 8 GHz < f< 30 GHz

— Measurement resolution: 0,01 mQ at 10 GHz

The Ry data at the measured frequency, and that scaled te. 10°GHz, assuming the 12 rule for
comparison, is reported.

2 Normative references

The following documents are referred to in the-té€xt in such a way that some or all of their coptent
constitutes requirements of this document..For dated references, only the edition cited applies.
For undated references, the latest edition of the referenced document (including| any
amendments) applies.

IEC 60050-815, International Elg¢trotechnical Vocabulary (IEV) — Part 815: Superconduciivity

3 Terms and definitions

For the purposes of(this document, the terms and definitions given in IEC 60050-815 apply.

ISO and IEC-maintain terminological databases for use in standardization at the follgwing
addresses;

o |EClElectropedia: available at http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp
4 Requirements

The R, 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
the Q- value, which corresponds to the loss.

The target relative combined standard uncertainty of this method is less than 20 % for the
measurement temperature range from 20 K to 80 K.
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It is the responsibility of the user of this document to establish appropriate safety and health
practices and to determine the applicability of regulatory limitations prior to use.

Hazards exist in this type of measurement. The use of a cryogenic system is essential to cool
the superconductors to allow transition into the superconducting state. Direct contact of skin
with cold apparatus components can cause immediate freezing, as can direct contact with a
spilled cryogen. The use of an RF generator is also essential to measure high-frequency
properties of materials. If its power is too high, direct contact to human bodies can cause an
immediate burn.

system consists of a network analyzer system for transmission ‘measurement, a
urement apparatus, and a thermometer for monitoring the measuring temperature.

ident power generated from a suitable microwave source such.as a synthesized swgeper
plied to the dielectric resonator fixed in the measurement dpparatus. The transmigsion
cteristics are shown on the display of the network analyzet. The measurement apparatus
is fixed in a temperature-controlled cryocooler.

Vector network analyzer

Synthesized sweeper

‘ L C
OYSIETITIITIETTAlE

VARVARY;

* Thermometer

Q

S-parameter
Test set

Thermal sensor

----------------------------

Cryocooler
IEC

Figure 1 — Schematic diagram of measurement system
for temperature dependence of Rg using a cryocooler

For the measurement of R for superconductor films, a vector network analyzer is recommended.
A vector network analyzer has better measurement accuracy than a scalar network analyser
due to its wide dynamic range. The performance requirements of the vector network analyzer
are specified in 7.1.
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5.2 Measurement apparatus for Rg

Figure 2 shows a schematic of a typical measurement apparatus (closed type resonator) for
the Rg of HTS films deposited on a substrate with a flat surface. The upper HTS film is pressed

down by a spring, which is made of phosphor bronze. The plate type spring should be used for
the improvement of measurement uncertainty. This type of spring reduces the friction between
the spring and the other part of the apparatus, and allows the smooth movement of
superconductor films due to the thermal expansion of the dielectric rod. In order to minimize
the measurement uncertainty, the sapphire rod and the copper ring shall be arranged coaxially.

Two semi-rigid cables for measuring transmission characteristics of the resonator shall be
attached on both sides of the resonator in an axial symmetrical position (¢ = 0 and &, where ¢
is the rotational angle around the central axis of the sapphire rod). Each of the two_semitrigid
cablgs shall have a small loop at the ends. The plane of the loop shall be set parallelto that of
the spperconductor films in order to suppress the unwanted Transverse Magnetic \Wave Modes
(TM, .0 modes). The coupling loops shall be carefully checked for cracks in thespot weld) joint

that mmay have developed upon repeated thermal cycling. These cables can\move right and left
to adjust the insertion attenuation (/4). In this adjustment, coupling of unwanted cavity modes
to the interested dielectric resonance mode shall be suppressed. Unwanted, parasitic coupling
to thle other modes reduces the high Q-value of the Transverse ‘Electro-Magnetic Mode
(TE mode) resonator. For suppressing the parasitic coupling, special attention shall be paid to
designing high-Q resonators. Two other types of resonators along with the closed type shown
in Figure 2 can be used. They are explained in A.4.
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Figure 2 — Typical measurement apparatus for Ry

A reference line made of a semi-rigid cable 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. Semi-rigid cable with an outer diameter of 1,20 mm is recommended.
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In order to minimize the measurement uncertainty, two superconductor films shall be set to be
parallel to each other. To ensure that the two superconductor films remain in tight contact with
the ends of the sapphire rod, without any air gap, both of the surfaces of the films and the ends
of the rod shall be cleaned carefully.

5.3 Dielectric rods

Two dielectric rods with the same relative permittivity, ¢, and loss factor, tan o, preferably cut
from one cylindrical dielectric rod, are required. These two rods, standard dielectric rods, shall
have the same diameter but different heights: one shall have height three times longer than the
other.

It is |preferable to use dielectric rods with low tan § to achieve the requisite measurgment
unceftainty on R,. Recommended dielectric rods are single-crystal sapphire rods with(tan ¢ less
than [2 x 10-7 at 77 K. Specifications on the sapphire rods are described in_7.1’In order to
minimize the measurement error in Ry of the superconductor films, both ends\of the sapphire

rods [shall be polished parallel to each other and perpendicular to the axis. Specifications for
the sppphire rods are given in Clause 7.

The giameter and the heights of the standard sapphire rods shall be,carefully designed s@ that
the T[Ey44 and TEy43 modes do not couple to other TM, HE and(EH modes, since the coq:ling

between TE mode and other modes causes the degradation efifunloaded Q. A design guideline
for the standard sapphire rods is described in Clause A.5 -Fable 1 shows typical examples of
dimepsions of the standard sapphire rods for 12 GHz, 18(GHz, and 22 GHz resonance. In the Ry

meagurement at 22 GHz, the required film diameter can/be set to 20 mm, and the measured Q|
is small, therefore the effect of the dielectric loss of sapphire rod can be reduced.

Table 1 — Typical dimensions of pairs of single-crystal
sapphire rods for 12.GHz, 18 GHz and 22 GHz

Frequency Diameter, d Height, &

GHz mm mm

Short rod (TE,,, resonator) 11,40 £ 0,05 5,70 + 0,05

12 Long red (TE, ; resonator) 11,40 £ 0,05 17,10 £ 0,05

Short rod (TE,,, resonator) 7,60 + 0,05 3,80 + 0,05

18 Long rod (TE,; resonator) 7,60 + 0,05 11,40 £ 0,05

Short rod (TE011 resonator) 6,20 £ 0,05 3,10 £ 0,05

& Long rod (TE,; resonator) 6,20 + 0,05 9,30 + 0,05

6 Measurement procedure

6.1 Specimen preparation

From uncertainty estimation, the film diameter shall be about three times larger than that of the
sapphire rods. In this configuration, the increase in uncertainty of R, due to the different
radiation losses between TE,,4 and TEy,3 mode can be considered negligible, given the target
relative combined standard uncertainty of 20 %. The film thickness shall be about two times
larger than the magnetic-field penetration depth value at the maximum temperature in the
measurement temperature range. If the film thickness is much less than two times the magnetic-
field penetration depth, the measured R; should mean the effective surface resistance.
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Table 2 shows dimensions of the superconductor films recommended for the standard sapphire

rods

of 12 GHz, 18 GHz, and 22 GHz.

Table 2 — Dimensions of superconductor film for 12 GHz, 18 GHz, and 22 GHz

c-cut single-crystal sapphire rod Superconductor film
Frequency Diameter, d Diameter, d’ Thickness
GHz mm mm um
12 11,40 + 0,05 > 35 =0,5
18 7 60+0705 25 =05
22 6,20 + 0,05 > 20 =05

In ca

ke of using closed type resonators, the dimensions of the superconductor films shal

also

be designed taking into account the dimension of the copper cylinder between the

supe
type

6.2

Set U
stang
humi
shall
evac

rconductor films. A design guideline for the dimension of the coppgricylinder of the ¢
resonator is described in Clause A.6.

Set-up

ity may degrade the unloaded Q-value. The specimen and the measurement appa
be fixed in a temperature-controlled cryocoolér. The specimen chamber shall be t

meagured by a diode thermometer, or a thermocouple. The temperatures of the upper and

supe
be ad

rconductor films and standard sapphire r@ds shall not differ by more than 0,5 K. Thi

chanmber with helium gas.

6.3

The
powse
depe

Measurement of reference:level

evel of full transmission poewer (reference level) shall be measured first. Fix the o

hds on the measuring signal level. Connect the reference line of semi-rigid cable bet

osed

p the measurement equipment as shown in Figure 1. ‘All’of the measurement apparatus,
ard sapphire rods, and superconductor films shall be kept in a clean and dry state as| high

ratus
btally

ated. The temperatures of the superconducter films and standard sapphire rods shall be

ower
b can

hieved by covering the measurement.apparatus with aluminium foil or filling the spedimen

utput

r of the synthesized ‘sweeper below 10 mW because the measurement uncerfainty

veen

the ipput and output cennectors. Then, measure the transmission power level over the gntire

meas
decih

meagurement temperature. Therefore, the temperature dependence of the reference level

be ta

ken into account.

urement frequeney and temperature range. The reference level can change several
els when temperature of the apparatus is changed from room temperature to the Igwest

must
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Figure 3 — Insertion attenuation, 14, resonant frequency, f,
and half power bandwidth, Af, measured at,7 kelvin

Measurement of the frequency response of resonators

mperature dependence of the Ry can be obtained through the measurements of resg

nant

ency, fo, and unloaded quality factor, 9, for TEq44 and TE,3 resonators, which shall be

ured as follows.

onnect the measurement apparatus between the input and output connectors (Figu

sert the standard short sapphire rodhear the centre of the lower superconductor filrl and

the distance between the rod and’each of the loops of the semi-rigid cables to be
each other, so that this transmission-type resonator can be under-coupled equally toj
ops. Put down the upper superconductor film gently to touch the top face of the ro
preful not to damage the surface of the superconductor films by excessive pres
vacuate and cool down/the specimen chamber below the critical temperature.

nd the TEy 4 mode, resonance peak of this resonator at a frequency nearly equal t
psigned value of .

e1).

qual
both
1. Be
sure.

b the

c) Narrow the frequency span on the display so that only the resonance peak of TE;44 Mode

d) M

hn be shown (Figure 3). Confirm that the insertion attenuation, 74, of this mode is |
an 20 dB+\from the reference level, which depends strongly on the temperature.

easure the temperature dependence of f; and the half power band width Af. The Ig

arger

aded

-value, O, of the TEy 4 resonator is given by
I

a-3

v

(1)

e) The unloaded Q-value, 0, shall be extracted from the Q| by at least one of the two following
techniques.

1) One technique for extracting the unloaded Q-value involves measuring the insertion

attenuation /4. Q, is given by

Ay = 40~ /4[dB]/20
1- 4

()
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g)

h)

The I4 of each temperature is determined as follows. In the R measurement system

shown in Figure 2, a semi-rigid cable is connected instead of the measurement
apparatus, and the measurement system is short-circuited to determine the reference
level. Measure the reference level at each temperature and use it to determine 14 at
each temperature.

This technique of using insertion attenuation assumes that the coupling on both sides of
the resonator is identical. The coupling loops are difficult to fabricate, the orientation of
the loop is difficult to control, and any movement of the sapphire rod during measurement
is not known. These assembly-dependent effects are also temperature dependent. This
potential asymmetry in coupling can result in large errors in calculating the coupling
factor if the coupling is strong (/4 <~ 10 dB). If the coupling is weak enough (/4 > 20 dB),

A
T
re

ependence,0fify, and Q4 shall be measured.

d
A
a
T

asymmetry in the coupling becomes less important.

Another technique for extracting the unloaded Q-value involves measuring thereflgction
scattering parameters at the resonant frequency of both sides of the resonator.

Oy =0 (1+ 1+ p2) (3)

_ 15l 4

A s+ 182 “
1—|Spo |

—_ - 1P221 5

& | S11 [+ S221 ©)

In Equations (4) and (5), S41 and S,, are the.reflection scattering parameters as shown
in Figure 4, and are measured in linear units of power, not relative dB. ; and f, arg the
coupling coefficients.

This technique of using the reflection scattering parameters has two advantages. It|does
not require the additional stepvof calibration of the reference level and it giVles 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 ¢ase)
and is limited by the dynamic range of the network analyzer in measuring the reflgction
coefficients [15] [16].

combination of the two techniques is useful for a "double" check.

he fy and Q, méasured for this short rod are denoted as fy; and Q,4 for TEy44 mode

sonance. By ‘slowly changing the temperature of the cryocooler the temperpture

fter thestemperature dependence measurement of f,4 and Q4 is finished, the measurement
bparatus shall be heated up to room temperature.

hen, replace the TEyq4 resonator in the apparatus with the TEy,5; resonator at foom

temperature, cool down the apparatus to a temperature lower than the critical temperature,
and measure the temperature dependence of f, and Q, of its TEy,3 resonance mode,

denoted as fy3 and Q,,3, in a similar way to the TEy resonator case. When the length of
the sapphire rod of the TE,3 resonator is precisely three times longer than that of the TE44
resonator, the fy3 of the TEy 3 resonator must coincide with fy4 of the TEy44 resonator. If
carefully designed, the difference between fy, and f,3 is usually very small (<~ 0,25 %). We
can consider that the f; in equation (9) can be replaced by f54 or fy3.


https://iecnorm.com/api/?name=f70328b5d40b7f7980c756492bfb5e96

- 16 - IEC 61788-7:2020 © |IEC 2020

Reflection coefficient

Jo

6.5

of th
can |
be s

temp
are €
large]

wher

Frequency
IEC

Figure 4 — Reflection scattering parameters (5,4 and §,,)

Determination of surface resistance of the superconductor andy¢’ and tan 6 of
standard sapphire rods

e calculated using equations (1) and (2). If the measured temperatures for 0,3 apps

prature values for the former at the same temperatures for the later. Equations (6) tg
stablished in the open type cavity, but whensthe superconductor film size is three
r than sapphire rod diameter, these equations'can be used for closed type cavity.

3
2 30n° <32k €'+W(L_LJ
) (3_1) A0 1+ 01 Qus

[1]

L) KoMK ()= K£ ()
K2 ) J2 )~ Jou)Ja(u)

the

CaIcIIate the temperature dependence of the Rg of the superconductor films, and ¢’ and ftan &
standard sapphire rods using the temperature dependetice’of Q01 and Q3. 0,1 and Q5

ar to

ightly different from those for Q,4, interpolation{ean be used for preparing adjlisted

(12)
imes

(6)

(7)

(8)

9)

(10)

(11)
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u =—y (12)

In the equations, A, is the free space resonant wavelength, ¢ is the speed of light in vacuum
(c =2,997 9 x 108 m/s), hq is the height of the short standard dielectric rod. The value u? is
given by the transcendental Equation (12) using the value of v2, where J,(u) is the Bessel
function of the first kind, and X, (v) is the modified Bessel function of the second kind. The
derivations of the equations are described in Clause A.3.

Gendrally the thermal expansion coefficient of the rods must be known to determing the
tempgrature dependence of their sizes. However, the thermal expansion effect of the.sapphire
rods [can be neglected for the target relative standard uncertainty of R (20 %).

It is moted that the measured Ry means the effective surface resistance if the)film thickngss is
less than two times the temperature-dependent penetration depth.

7 Uncertainty of the test method

71 Surface resistance

The $urface resistance (Rg) shall be determined from the'Q-value measured with a dielgctric
resonator technique.

A veptor network analyser as specified in Tabler3 shall be used to record the freqyency
depehdence of attenuation. The resulting record shall allow the determination of QO to a relative
unceftainty of 1072,

Table 3 — Specifications for vector network analyzer

Dynamic range of §,, above 60 dB
Frequency resolution below 1 Hz
Attenuation uncertainty below 0,1 dB
Input-power limitation below 10 dBm

The dlielectric.fesonators shall be provided with two dielectric rods with low tan 6 of less|than
2 x 1[0~7 at 77K and a radius less than 1/3 of the superconducting specimen’s radius. Thel best
cand|datefor the rods is sapphire as specified in Table 4. Term definitions in Table 4 are shown
in Figufe 5.

Table 4 — Specifications for sapphire rods

Diameter +0,05 mm

Height +0,05 mm

Flatness below 0,005 mm

Surface roughness top and bottom surface: below 10 nm RMS

cylindrical surface: below 0,001 mm RMS

Perpendicularity within 0,1 degree

Axis parallel to c-axis within 0,3°
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Figure 5 — Term definitions in Table 4
technique as described assumes that single- and triple-height-sapphire rods can

cut from the same boule and polished by the same technique; may be as large as

hire rods has been a factor of four. Therefore, the uncértainty in the measured tan
. The variation of tan & of the present sapphire rod causes an additional uncertainty u

pres
for s

7.2

at Ie;st 10 % in the surface resistance measurement. This-limits the target uncertainty qf

nt technique at 5 %. If reproducibility of sapphirerods is improved, or a selection mgt
andard sapphire rods is established, a target uncertainty can be improved.

Temperature

The measurement apparatus is cooled down'to the specified temperature by any means d

testin

g. An easy choice would be to immerse the apparatus into a liquid cryogen. This techni

020

be

ated with the same tan 6. However, the variation of the tan ¢ between nominally ideptical

two

s of magnitude. To date, the smallest variation in tan@between nominally identical

o is
p to
the
hod

ring
que

is quick and simple and yields a known and stable temperature. Unfortunately, most|HTS

mate
from
withi

of other cooling methods. These limitations can be circumvented by the immersion of a va
nto a liquid cryogen.f the vacuum can is backfilled with gas, then rapid cooling and urg;form

ence
HTS material Can"be measured. A third and equally good choice is the use of a cryocqgoler.
s case, the resonator is under vacuum and cooled by conduction through the mgqgtallic

cani
temp
of the
In th
pack

Acry
shall

n the cavity, and the inability to measure Rg as a function of temperature support th

eratures occur. Ifheaters are attached to the apparatus, then the temperature depen

hge. Temperature gradients with the apparatus shall be avoided.

to be

an accuracy of £0,5 K, measured by means of an appropriate temperature sensor.

rials are damaged by the condénsation of moisture that occurs when removing the sample
the cryogen. In addition, ungertainties generated by the presence of a gas/liquid mixture

use

cuum

ostat'shall be provided with the necessary environment for measuring Rg and the spegimen

bémmeasured while in a stable and isothermal state. The specimen temperature is ass;tmed

dto

The difference between the specimen temperature and the holder temperature shall be
minimized by using shields with good thermal conductivity.

7.3

Specimen and holder support structure

The support structure shall provide adequate support for the specimen. The two films shall be
parallel and mechanically stable throughout the measurement, especially in a cryocooler and
over a wide temperature range. The parallelism of the two films can be achieved by using a

sapp

hire rod satisfying the specifications described in Table 4.
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7.4

Specimen protection

Condensation of moisture and scratching of the film deteriorate superconducting properties.
Some protection measures should be provided for the specimens. Polytetrafluoroethylene
(PTFE) or polymethylmethacrylate (PMMA) coating does not affect the measurements, thus
they can be used for protection. A coating material thickness of less than several micrometers
is recommended.

7.5

Uncertainty of surface resistance measured by standard two-resonator method

For the dielectric resonance method, tan ¢ of the TEy;4 mode and TE,,3; mode sapphire rods

are elssumed to be absolutely equal. If tan o of two sapphire rods Is ditferent, It IS not pog

to ca
resis
supe
sapp
unce

8 1

8.1

culate the surface resistance using Equation (6). The effect of tan ¢ deviation on su
ance was checked (see Annex B). Uncertainty in the microwave surface resistan

rtainty is less than 20 % (see Annex B)

[est report

Identification of test specimen

The fest specimen shall be identified, if possible, by the follewing:

a) n
b) c
q

c)
d) ¢
e) th
f)

3

8.2

The
corre
depe
8.3

The f

ame of the manufacturer of the specimen,;

assification and/or symbol;

t number;

nemical composition of the thin film anddhe substrate;
ickness and roughness of the thin film;

anufacturing process technique.

Report of R values

R, values at the measured frequency, and that scaled to 10 GHz, together with
sponding f44, fo3, O, ‘Qus, 14 and/or (B4, po), ¢ and tan & values, and their temper
hdence shall be feported.

Report of'test conditions

ollowing-test conditions shall be reported:

a) t

st frequency and resolution of frequency;

rconductors by dielectric resonator method depends on size, dielectric constant, tar
hire rods and uncertainty in measured Q of the resonator. The relative combinhed star

sible
rface
Ce of
o of
dard

their
ature

b) testmaximum RF power,

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

d) sample history with temperature variation.
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Annex A
(informative)

Additional information relating to Clauses 1 to 8

Scope

A.1.1 General

The
HTS

2020

astabhlishment of the standard measurement method is needed to evaluate film qunl

ity of

films having low surface resistance, Ry, values such as 0,1 mQ at 10 GHz. .Several

resomance methods as shown in Figure A.1 have been proposed so far to measurevthgm in

micrgwave and millimetre wave range. These resonator structures are grouped into six

(see

A.1.2 Cylindrical cavity method [10] [17]

A.1.2 to A.1.7).

ypes

Figune A.1 a) shows a cavity structure using the TE,4 mode, which is constructed from a cgpper

cylin
preci

fler and two HTS films. In the microwave range below 30(GHz, the R, measure

ment

sion of this method is rather low, because the R4 value of the)copper cylinder is 100 fimes

highar than that of HTS films. This method is suitable in the\millimetre wave region, bedause

the R values increase with f2 of HTS films and f”2 for copper.

A.1.3 Parallel-plates resonator method [18] [19]

Figune A.1 b) shows a structure of a parallel-plates resonator using the TM, , mode, wh

cons
This

preci

and gn air-gap effect between the plates and the spacer, and critical excitation technique ¢
resomance modes.

A.1.4 Microstrip-line resonance method [20] [21]

Figune A.1 c) shows_a_structure of a microstrip-line resonator using the TEOmp mode, wh

fabri

Howgver, this ,method is not suitable for the HTS film estimation because it includg

unce

A.1.5 Dielectric resonator method [22] [23] [24] [25]

ructed by inserting a thin low loss dielecttic spacer between two rectangular HTS

5ion of thickness and tan ¢ of the dielectric spacer, uncertain estimations of radiation

ated by a pattern fabrication process and is close to the real microwave passive dey

[tain influence of the pattern fabrication process.

ch is
ilms.

method offers the possibility of measuring extremely small R values, but from the
viewpoint of the absolute estimation of. Rz there are some problems, such as low measure

ment

loss
f the

ch is
ices.
s an

Figure A.T d) shows a structure of a dielectric resonator using a TE,44 mode, where a Tow loss
sapphire rod is placed between two parallel HTS films. For the TEOmp mode, we can eliminate
the air-gap effects, because the normal component of electric field does not exist on the HTS
films. In this method the R values of the HTS films have been measured by ignoring the effect
of tan § on the assumption of tan § < 1 x 1078 for single-crystal sapphire [24]. However, the
tan § values measured for sapphire at 10 GHz and near 50 K, as is well known, take values
between 1076 to 1078 due to quantity of lattice defect. Therefore, preparation of very-low-loss

sapp

hire rods with tan §< 2 x 1077 (at 80 K and at 10 GHz) is essential for this method.
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Figure A.1 — Schematic configuration of several measurement
methods for the surface resistance

A.1.6~ lmage-type dielectric resonator method [26] [27]

Figure A.1 e) shows a structure of an image-type dielectric resonator using the TEq5 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 J.

In an improved image-type sapphire rod resonator method, R, can be obtained with simple
calibration process. In this method, the exact Ry of a single HTS film can be obtained by one
measurement under the 20 % limitation of variation coefficient.
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AA1.7 Two-resonator method [28] [29]

In this method, two sapphire rod resonators with the same tan Jvalues are used; one is a TEg44
mode resonator and the other is a TEy43 mode resonator, as shown in Figure A.1 f). Similarly

to the dielectric resonator method, the air-gap effects can be eliminated in this method. The
tan dvalue of the sapphire rods and the Rg value of the HTS films can be determined separately

from the resonant frequencies and unloaded Q-values measured for these resonators by using
simple formulas derived from the rigorous analysis based on the mode matching method. Thus
this method can eliminate the ambiguity of the tan ¢ affected to the R; measurements. Actually,

the results of Ry measured for six YBCO films with R = 0,1 mQ at 12 GHz have verified that

the o } ; is a
diffefence between two tan ¢ values (Atan §), the uncertainty in R4 due to Atan 6 must be‘faken

into account. This effect can be estimated from results of the inter-laboratory round/robin test
of the same HTS films by this method. Recently, the R of YBCO film was measuredithree fimes

and its deviation was less than 20 % (see Figure A.11).

As alresult of comparisons among the six methods described above, thedwo-resonator method
is re¢ommended as the standard measurement method of Rg of HTS films, due to the follgwing

two gdvantages:

— apsolute measurement of Ry is possible;

— the numerical treatment is simple and easy.
A.2 | Requirements

Higher measurement frequencies are desirable‘for determination of lower Ry because Ry of

supefconductor films increases with the frequency according to the f2 rule. The size df the
resonators also can be made smaller by usihg higher measurement frequencies. Howe\er, it
becomes difficult to set up a microwavezmeasurement system as the measurement freqyency
becomes higher.

For the measurement temperatures of below 10 K or above 80 K, this test method is sufficiently
applicable, where some newcpoling techniques may be required.

A.3 | Theory and calculation equations

Figure A.2 shows:the configuration of the TE,,, mode resonator, which is used to eliminate the
air-gap effects.<A" cylindrical dielectric rod with diameter, d, and height, 4, is short-circuited at
both lends by surfaces of two parallel superconductor films deposited on dielectric substrates
have

these two films.
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gure A.2 — Configuration of a cylindrical dielectric rod resonator short-circuite
poth ends by two parallel superconductor films deposited on dielectric substra

alue of Ry is given by [25]

[

_ I W) Ko(Ka () - K2 ()

W 2 2
Ky () 1 ()= o () (u)

d
fes

(A.1)

(A.2)

(A.3)

(A.4)

(A.6)

(A7)
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In Equations (A.1) and (A.2), & and tan ¢ are the relative permittivity and the loss factor of the
dielectric rod, respectively. In Equations (A.3) and (A.4), iy is the free space resonant

wavelength, and ¢ is the speed of light in vacuum (c=2,9979 x108m/s). The
function W/¢' equals the ratio of electric-field energy stored outside to that stored inside the
dielectric rod. If all of the electric field is concentrated inside the dielectric rod, the value W
equals zero.

The value u2 is given by the transcendental Equation (A.7) using the value of v2, where J,(u) is
the Bessel function of the first kind and K, (v) is the modified Bessel function of the second kind.
For any value of v, the mth solution u exists between ug, and uy,, where Jo(ug,) =0 and
J1(u4q},,) = 0. The first solution (m = 1), which is used for easy mode identification, is shown in
Figude A.3 by curve (A). The computed result of the W-v relation for m = 1 of TEOmp resonance
mode is shown in Figure A.3 by curve (B).

UZA A /4

11

10

IEC

Figure A.3 £ Computed results of the u-v and W-v relations for TEy,, mode

The yalue of g.is given by

g = (ﬂf (u2 + vz) +1 (A.8)

using the value of v2 and 2.

In the two-resonator method, a pair of dielectric rods, which are called "standard dielectric rods",
are used. These two rods have the same diameter but have different heights. The rod heights
are such that one rod is p times the height of the other; p is commonly set equal to three. They
are required to have the same values of ¢ and tan 6.
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Figure A.4 shows the configuration of the standard dielectric rods in the case of p = 3. To avoid
confusion, the height of the short standard dielectric rod is denoted by #,. Each resonator is

called "TE44 resonator" and "TE43 resonator”, respectively. The same superconductor films
are used in these resonators. The values of f; and @, for the TEy{4 mode are measured using
the TEyq4 resonator, and those for the TE(;, mode are measured using the TE,4, resonator.
We denote the f; and Q, for each resonator by using the subscripts 1 and p, respectively: fq4
and Q4 for TEqq4 resonator, and f, and O, for TEy4, resonator.

Superconductor film

o

I

3

od 1 Dielectric\rod

|
i
\

2z e P e
-\ o = N
L - < Y y - p
T 777777777777 7777 77777777777 777)
Electric field
——— Magnetic field

IEC
Figyre A.4 — Configuration of standard dielectric rods for measurement of R, and tan ¢

The yalue of tan 6 is given from the measured values of Q,. When the TEg,, resonafor is
precigely p times longer than the TE44 resonator,fop coincides with f54. However, Qup is hjgher
than (0,4 according to the different magnitude of the electric field energy stored in thg two

resomators. Because both dielectric rods are short-circuited at both ends by the $ame
supefconductor films, Equation (A.1) yields

tané—%[i—iJ (A.9)

As an alternative method, the value of R of superconductor films can be directly measurgd by

30n2x3[2h0 Seaw( 1 1
= o L (A.10)
(3—1) 20 1+ | O QUp

where Equation (A.10) is derived by substituting Equation (A.9) into Equation (A.1).

A.4 Apparatus

Unwanted parasitic coupling to the other mode reduces the high QO-value of the TE mode
resonator. For suppressing the parasitic coupling, special attention is paid to design
high O-value resonators. Three types of resonators are proposed and shown in Figure A.5.


https://iecnorm.com/api/?name=f70328b5d40b7f7980c756492bfb5e96

- 26 — IEC 61788-7:2020 © |IEC 2020

Copper cavity

Spring . Spring

Superconductor
films N Copper cylinde
—= S Fame S

Dielectric rod

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

r

IEC
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fijms. Two semi-rigid cables for the RF input and output magnetic dipole (coupling
aftached on both sides of the resonator. In this configuration, the verticakposition g
cpupling cables should be carefully designed so as to prevent the radiation)loss propag
along the coupling cables, which degrades the high Q-value of the TEOmp mode and ca3

t
a

b) G
C

c) G
In

c
11
The

distu

in the range of approximately 1 mm.

A lod
achie

A.5

Figure A.5 — Three types of dielectric resonators

pen type resonator: a low loss dielectric rod is placed between two parallel supetconductor

are

f the
ating
uses

e increase in error for the R; measurements. The coupling cables)should be set as ¢lose

5 possible to the lower superconductor film.

avity type resonator: the open type resonator shown in a) isplaced in a conductor (copper)

Bvity.

losed type resonator: conductor (copper) cylinder is putibetween the superconductor films.
this configuration, the radiation loss along the coupling cable is strongly blocked bl the
bpper cylinder. The vertical position of the codpling cables (z) at the highest Z-axis

agnetic field component (), i.e. z = h/2, is reéemmended.

measuring apparatus on the cryocooler™is protected from mechanical and th

rmal

‘bances, and installed in an X-Y and/or.Z=axial manipulator for adjusting sample positions

p length of the antenna is desighed on the basis of the quarter-wavelength rule for

ving the maximum measuring«sensitivity.

Dimensions of the.standard sapphire rods

reso
a uni
cons
plang
sapp

ators, respectively, short-circuited at both ends by parallel superconductor films, in which

Figu:[: A.6 and Figure )A.7 show the mode charts for designing the TEy44 and TEy 3 mode

xial-anisatrepic characteristic of the relative permittivity of the sapphire rod is taker

into

deration-{28]. &, is the relative permittivity in the direction of the c-axis, & is that ip the
perpendicular to the c-axis, d is the diameter of the sapphire rod, # is the height gf the

hire\rod, and A, is the free space resonant wavelength. As shown in Figure A.J»

FiguneAZ7, TE 44 resonance mode is apt to be affected by TM or HE mode in compariso

and
with

TEgq4 resonance mode. Since the coupling between TE mode and other modes causes the

degradation of unloaded Q, the (d/h) of the sapphire rods shall be selected so as to avoid the
unwanted couplings.

As shown in Figure A.7, the value (d/h)? for the TE(5 resonator is selected from 0,24 to 0,46
in order that the TEy,3; resonance mode is not affected by the other modes. This value
(d/h)? = 0,24 to 0,46 leads to a value of (d/h)2 = 2,2 to 4,1 for the TEq4 resonator. The TEy44

resonance mode does not also couple with other modes when the value (d/h)? is in the region
of 2,2 to 4,1 as shown in Figure A.6.

As the resonant frequency of TE mode is a function of relative permittivity and dimensions of
the sapphire rod, its diameter and height are selected so that the desired f; is obtained.
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From the curve of TEy{4 mode in Figure A.6, the value of &, (d/4y)? can be determined for each
(d/h)? value. When the value (d/h)? equals 4,0, for example, the value of &, (d/14)? equals 1,92.
Thus, the resonant frequency of TE;4 mode for the sapphire rod with dimension of (d/h)2 = 4,0
is calculated from Equation (A.11) by specifying d and ¢, of the sapphire rod:

&(d/ Xg)? =6.(dx fy / c)? =1,92

(A.11)

TM011
25 EH211
1 | |: i | l { : | P TM120 (Qf= 9)
i -
_|' 1 HE
_: ]
B 5 TM.,., (Q,.= 56)
310 \¥f
2,0 —_L{- pu
1,92 H ' .
- | -
_I' | _
_I' | -
15 H ! —
' | I
o K ' |
SD T T TM020 (Qf: 6)
I —:/// I -
W™ | 1 —
! = M, (0,=17)
1,0 —]
I
' _
| i
- I —
|
H- I l -
I/ |
0.5 'H- ] 1
-1 I - TM110(Qf:5)
H | £ =928
A | e,=113
I‘I- ! ! ! '| ! ! ! ]
0.0 T N T I T Y T N N A N N N My (Q,= 1)
0 1 2 3 4 5 6 7 8
X2 = (dIh)? e
Figure A.6 — Mode chart to design TEy, resonator short-circuited at both ends

by parallel superconductor films [28]
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Figure A.7 — Mode chart to design TEyq3 resonator short-circuited
at both ends_by parallel superconductor films [28]

A.6 | Dimension of the closed type resonator

In th¢ closed type résonator, a copper cylinder is put between the superconductor films and a
sapphire rod is _placed in the center of the copper cylinder (Figure A.5c)). The res¢nant
frequency of¢2each mode changes with the inner diameter of the capper
cylinger, D. Therefore, D shall be selected so as to avoid the unwanted coupling with the pther
modes. In-Figure A.8 and Figure A.9, mode charts of the closed type resonators are shown for
the short'sapphire rod ((d/h)? = 4) and the long sapphire rod ((d/h)2 = 0,44), respectively,|as a
functjonvof S = D/d [28]. The ranges of S to separate the TEy,, and the TE,,; modes

simultaneously from the others are S = 1,8 to 2,8, 3,8 to 4,1 and 4,8 to 5,2. The value
of S = D/d = 4 is recommended because of the ease with which it can be treated.
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Figure A.8 — Mode chart for TE;,4 closed-type resonator [28]
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ing the value.of tan § of the sapphire rod is a difficult problem. One approach basg
the single- and-triple-height rods involves the selection of a standard rod for each type

band triple-height rods are then used as described above to obtain tan 6. The eleg

IEC

closed-type resonator [28]

d on
The

step is (10)°compare a large number of sapphire rods by measuring them in a single
sapphire resonator. The sapphire rod with the highest unloaded Q-value is the temp

orary
Hard”
trical

a set of triple-height rods. The “stan

properties, ¢’ and tan ¢, of other rods can then be calibrated by a direct comparison with these
standard rods. Using a calibrated single-height rod, it is then possible to extract the Ry values

of su

A.8

perconductor films under test.

Test results

Figure A.10 shows the temperature-dependent R, of a YBCO film with a thickness of 500 nm
and size of 25 mm square. The YBCO film was formed on MgO substrate by a co-evaporation
method. The measurement was carried out at 21,8 GHz, which was converted to 10 GHz by the
f2rule.
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Figure A.10 — Temperature-dependent R ,‘of YBCO film with a thickness
of 500 nm and size.of 25 mm square

Reproducibility of measurement method

fler to evaluate the reproducibility of the surface resistance measurement, R4 of the

sample was measured three times and the variation of R was examined. The sample was

to th

le measurement cavity _each time. Figure A.11 shows the results. Measurement

perfgrmed at a frequency of\21,8 GHz and converted to 10 GHz according to the /2 rule

The

ariation in Rg was within 10 % in the temperature range of 10 K to 80 K.

same
reset

was
[30].
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Figure A.11 — Temperature dependent.R; of YBCO film when R, was
measured three times

From the results, the standard deviation of each temperature can be calculated and its values
are shown in Table A.1.

Table A.1 — Standard deviation of the surface resistance
calculated from the results of Figure A.11

Temperature (K) 20 40 60 80
Standard deviatien (%) 0,32 0,23 0,90 6,9

A.10 tan Jdeviation effect of sapphire rods on surface resistance

deviation on surface resistance. tan ¢ of the high-purity sapphire rod used for the standard
surface resistance measurement is extremely small, less than 2 x 1077 [22]. Using such a
sapphire rod, uncertainty in the surface resistance is quite small; however, if sapphire rods with
a large tan ¢ are used, uncertainty in the surface resistance increases. tan §,0of the sapphire

rod for TEyq4 mode is assumed to be 2 x 1077 and tand; of the sapphire rod for TE; 3 mode

changes according to that value. The difference in tan ¢ of the two sapphire rods is defined as
in Equation (A.12) and the change in surface resistance as in Equation (A.13).

w2 BI85 6 [ (A.12)
tan J4
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Rs (x)-Rs(0)

YTTTR(0)

(A.13)

R can be calculated using Equation (A.14) when tan &, and tan ;5 are different. The relationship

between x and y is shown in Table A.2. When the difference in tans of the two sapphire rods
exceeds 50 %, the change in surface resistance exceeds +18 %.

1 ul 3 u3
w
A 1+ (A.15)
&
p
a0 14w
+
B H4p*| 2> | ——— . (p=13 A.16
s [2@] 3077, =Y )

- le(”) Ko(V)Kz(V)—Klz(v)

W=t > A.17)
K" (v) J\ () = Jo(u)J,(u)
d, Y| (2 Y
vg _| 749, A A.18)
Ao 2h,
Jolu KolVv
uo—( °)=—v0 o) A.19)
J{(u) Ki(v)
Table A.2 — Relationship between x, defined by Equation (A.12),
and y, defined by Equation (A.13)
x (Yo) -50 -40 -30 -20 -10 0 +10 +20 +30 +40 +50

v (Yo) 18,0 14,4 10,8 7,2 3,6 0 -3,6 -7,2 -10,8 -14,4 -18,0
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Annex B
(informative)

Evaluation of relative combined standard uncertainty
for surface resistance measurement

Practical surface resistance measurement

A superconductor shows a significantly increased surface resistance when irradiated by a high

freq
resis
accu

to measure the frequency characteristics of TEj,4 and TEy,3 modes.

Figu:l
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Figure B.1 — Schematic diagtam of TE;,4 and TE;,3 mode resonance

ance, but the dielectric resonator method can measure surface resistance the
ately. The method is described in Annex A. Figure B.1 shows these two resonatofs

e B.2 shows the typical frequency characteristics of TEyy4 mode resonance. O
mined using the results of this measurement and Q,, is calculated using Equation (E
_fo
A1 Y

face
most
used

L1 IS
.2).

(B.1)
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Figure B.2 — Typical frequency characteristics of TEy{mode resonance

B.2 | Determination of surface resistance of the superconductor

The | microwave surface resistance of the-~\superconductor is obtained |from
Equdtions (B.3) to (B.8).
2 3,
g, =307 x3{2_h0} s+W{L_L} (B.3)
3-1 ’10 1+w Qu1 Qu3
2
8':(%J (u2+v2)+1 (B.4)
T
J7 () Ko (K ()~ KF (v)
W= 2 > (B.5)
Ki(v) Jy(u)—Jo(u)J(u)
2 2
bl
/g 2hy
C ]
LJow) _ Ko() (B.7)
J1(u) Kqi(v)
-c B.8
o I (B.8)

Here, d and & are the diameter and height of the sapphire rod, respectively, ¢'is the effective
relative permittivity of the sapphire rod, c is the speed of light in vacuum, and f; is the resonant

frequency of the resonator.
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B.3 Combined standard uncertainty

B.3.1 General

By partially differentiating the equation (B.3) with &g, &', W, Q,4, and Q,3, the equation of
uncertainty shown in Equation (B.9) is obtained.

2 2 2
» ORZ (RS V(on) (oRs V(') (R V(oW
us =—==|—=| | —| +|=| | = | +|=| | —
R? oh ) \ Ry o¢' ) \ Rg ow ) \ Rg

2 2 2 2

+(8Rs [5%} +[6RSJ (5%} e 2

unknown *unknown
90u1 R 0u3 Ry

S

(0h = huy,0¢" = g'up, oW =Wuz,00,1 = Qy1u4,90,3 = Oy3ts)
2 2 2
RV (h Y 2 (R V(&Y 2 (RV(WY
== | = w | = ||| = | || uB
oh ) \ R o' ) \ R ow ) | &

2 2 2 2

+[ aRs (Qm] u£+( aRs ] (Qu3] ug +02k uzk

unknown,*tinknown
aQu1 Rs aQu3 Rs

2 2 2 2 2.2 2 2 2.2 2 2
= U +cup +C3uUz +Cquy + C5US + Cynknown Yunkhon

(B.9)

The yariables ¢ known @Nd “ynknown iN Equation (B.9) represent in the uncertainty of unkpown

factofs of measurement system, for example, noise{actor. The variables in Equation (B.9) are
exprgssed by Equations (B.10) to (B.14).

C1:%i:3ﬁﬂzg (B.10)
oh'Rs  hy R

oo s & ¢ (B.11)
0" Ry &'+W

R W (=)W

o3 = S Unl 0L (B.12)
OW Ry (1+W)(e'+W)
Cq = aRS Qu1 _ _Qu3 ( 313)
aQu1 R Qu3 _Qu1
5 = 9Rs Ous _ Ou1 (B.14)

- 8Qu3 Rs - Qu3 _Qu1

B.3.2 Calculation of ¢, to c5 (12 GHz resonance at 20 K)

When calculating uncertainty using the Equation (B.9), it is necessary to specify the resonant
frequency. Here, we will discuss a typical 12 GHz resonator.

12 GHz resonator (fy = 12 GHz, d = 11,4 mm, hg = 5,7 mm)

Using the above values, we can calculate v2 and 2 by Equations (B.6) and (B.7).
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2 =7,815, u® =9,09 (B.15)

¢"and W are determined by Equations (B.4) and (B.5).

Then

&'=9,22, W =0,16 (B.16)

co and c5 can be determined using Equations (B.11) and (B.12).

A7)

In orn
Y. Kd

Qu1 7

¢g C

B.3.3

u1 to

of sapphire rod and Q4 and Q5 of the cavity, are calculated by the following procedures

1) u

<

—H o

2) u

<

=0983 =-0122 (
<7 > RS 5 1=

der to determine ¢, and c5, we have to know the values of unloaded Q %/and
bayashi reported Q0,4 and Q,3 at 20 K, 12 GHz [28]. Their reportedywalues
2 000 000 (Q 4 = 1800 000) and Q3 = 7 500 000 (Q, 3 = 6 750 000). A herefore, c|
an be calculated.

¢4 =1,364, c5=0,3636 (

Determination of u, to ug

ug, Which are derived from the uncertainty of the diameter, height and dielectric con

(

is determined by the uncertainty of the“height of the sapphire rod. The height o

bpphire rod of the 12 GHz resonator is 5,7 mm, and its uncertainty is 50
herefore, u is as follows.

uy=—= 929 _¢ 00507 (
7

_ﬁS
p

b is determinedcby-the uncertainty in the effective dielectric constant ¢5 of the sapphir,
hd can be calculated using Equation (B.20).

1 &'—¢j

Y= E (

Oys-
were
| and

3.18)

stant

f the
gm.

3.19)

e rod

3.20)

where ¢ is the relative permittivity induced from uncertainty in the shape of the sapphire
rod.

2
8%&} (1 +98)+1 (do =114 mm.f = 5.7 mm) (B.21)

7d, 0

2
P :(i'—;lj (485 +185)+1 (dos =11,45 mm, Jig; = 5,65 mm) (B.22)

and ug, vq, ugs; and vgs are calculated using Equations (B.23) and (B.24).
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z(ﬂj (3_%j 1 ,vgéz(mj (3_%j 1 (B.23)
Zx 2ho o 2ho s

Joluo) __ Ko(v)  Jolups) __ Ko(voy)
‘0 J'](uO) - K1(V0) 10 J1(u05) V05 K1(v06) (824)

8

As a result, we find that ¢' = 9,22 and ¢5 = 9,29.

i, =0,004 4 (B.25)

up

uf can be determined using Equation (B.26).

1 W-Ws
Uz =— 0 (B.26)
J3 w
W is determined using Equation (B.5) and W5 comes from uncertainty in the shape qf the
sapphire rod and can be determined by using Equation (B$27).

e J1 ) Ko(ra)Ka (i) SKT ()
K2(vg) T2 (ug)— Jguiy o (ug )

(B.27)

us]

y calculating W and W using ug, v, ugs, vgs N Equations (B.23) and (B.24), ug turns gut to
ave the following value.

=2

13 =0,014 3 (B.28)

M4 and M5

, and ug are determined-by measuring the uncertainty in Q4 and Q3. The measurement
the uncertainty in 04, and Q.3 has the most influence on the dynamic range uncerfainty

u

o]

of the vector networkianalyzer and other factors are negligible. Since the dynamic range
upcertainty in the-recommended vector network analyzer is 0,1 dB, u4 and ug are calculated
uping this value, Regarding the frequency characteristics of the resonator in Figure B.2, the
f

requency characteristic near the resonant frequency is assumed to be a Lofentz
d[stributign)[30].

- S12() | _ 1 __ 1 _
T [
+
f
2
a(n=1-28 2V N0 (8.29)
f fo

The frequency characteristics are shown in Figure B.3 The curve can be approximated by
Equation (B.29), where f; is the resonant frequency and 2f; is the bandwidth at 3,01 dB.
The frequency bandwidth which is 3,01 dB below the resonance peak is defined as Af and
it corresponds to the bandwidth across 0,707 in Figure B.3. The 0,1 dB of the dynamic
range uncertainty corresponds to 0,008 in Figure B.3. Therefore, Q| 1, O| 15 O3, and Q| 35
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can be calculated. Q, 4 and Q| 3 are reported as 1,80 x 108 and 6,75 x 108, respectively [28].

Using these values, we can calculate Q| 45 and Q| 3.

0.1=180x108, O 45 =184x10%, Q5 =6,75x10°% Q35 =6,90x10°

Assuming insertion attenuation (/4) = 20dB, 04, Q15 Qus. @nd Q35 can be calculated.

0,1 =2,00x10%, Q15 =2,044x10°%, O 3 =7,5x10%, Q35 =7.67x10°

T bt 1 lot: o 1 £ 2l bioi <l
MUuUyrm uic ot vdiburiativiilio, e vAadiuto Ul M4 [ZLIA"] l/l5 darc uvuitaiiicu.

_iQu1_Qu15 --0.012

3.30)

3.31)

Uy =
\/g Qu1
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\/§ Qu3
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9 * \
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g v N
N \ |
(]C.) \
) Resolution of vector network
- analyser (+0,1 dB = +0,008)
g 1
N T NilZ
14| )
L A
—» < 2Af1
>
Jo=/i Jo Jot/y x=f
Frequency

IEC

Figure B.3 — Frequency characteristics of a resonator approximated by
a Lorentz distribution

B.3.4 Combined relative standard uncertainty

Uncertainties in ccayity and ucgyjyy due to the loss of copper cavity is quite small,
however ¢ known @Nd % nknown are not small. The combined standard uncertainty at 20 K is

calculated as follows.
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22 22 22 22 292 2 2
U, = \/C1 Uy +couy +c3uz +cquy + C5Us + CynknownHunknown

=/2,31x107 +0,187x1074 +0,030x10™* +2,68x107 +0,223x10 + 2 nownttnknown  (B-32)

-4 2 2
= \/5, 43x107" + cnknown anknown

It is difficult to quantitatively evaluate ¢, nknown“unknown iN Equation (B.32), but its value can be

estimated from the results of surface resistance measurement repeated three times. The
variation observed when measuring the surface resistance of the same films repeatedly is
believed to be due to the noise and temperature uncertainty of the measurement system.
Ther fora from the raciiltc in Tahlag A 1 - 2 can-bha estimatad as ahaout 0 2 %

e R R i o T R unKknownT unknown T bttt ’
for 2p K, about 0,9 % for 60 K, and about 6,9 % for 80 K (¢ nknown#unknown increases-ap the

meagurement temperature increases). From the above results, the combined relative-standard
unceftainty of Equation (B.32) was about 2,4 % at 20 K and about 7,3 % at 80 K{ The value is
smaller than the target combined relative standard uncertainty.

When the measured temperature exceeds 70 K, large noise is superimposed on the resonance
peak} and the uncertainty in Rg increases. In that case, it is difficult express the resonance |peak

with Lorentz distribution. Therefore, the deviation of u, and ug haveto be reviewed. Howpver,
as isclear from the results in Figure A.11 and Table A.1, the uncertainty of R; measured by the
standard dielectric resonator method is less than 10 % below80K.
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COMMISSION ELECTROTECHNIQUE INTERNATIONALE

SUPRACONDUCTIVITE -

Partie 7: Mesurages des caractéristiques électronique —
Résistance de surface des supraconducteurs
haute température critique aux hyperfréquences

AVANT-PROPOS

Lal Commission Electrotechnique Internationale (IEC) est une organisation mondiale de normatisation composée

de| I'ensemble des comités électrotechniques nationaux (Comités nationaux de I'lEC). L’IE€Va pour ob

jet de

fayoriser la coopération internationale pour toutes les questions de normalisation dans les domaings de

I'é|ectricité et de I'électronique. A cet effet, 'IEC — entre autres activités — publie des”Normes internatio

hales,

dep Spécifications techniques, des Rapports techniques, des Spécifications accessibles au public (PAS) pt des
Gdides (ci-aprés dénommés «Publication(s) de I'lEC»). Leur élaboration est confiéé/a‘des comités d'études, aux
trgvaux desquels tout Comité national intéressé par le sujet traité peut participer. Les organisfations
internationales, gouvernementales et non gouvernementales, en liaison avec.l'lEC, participent égalemept aux
trgvaux. L'IEC collabore étroitement avec |'Organisation Internationale,de“Normalisation (ISO), selop des

copditions fixées par accord entre les deux organisations.

Lep décisions ou accords officiels de I'lEC concernant les questions techniques représentent, dans la mespre du

popgsible, un accord international sur les sujets étudiés, étant donné que‘les Comités nationaux de I'lEC inté
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Lep Publications de I'lEC se présentent sous la forme de fecommandations internationales et sont ag
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D4ns le but d'encourager I'uniformité internationaley4es Comités nationaux de I'lEC s'engagent, dans td
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et|régionales. Toutes divergences entre toutés Publications de I'lEC et toutes publications national
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L’'IEC elle-méme ne fournit aucune attestation de conformité. Des organismes de certification indéper
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L'dttention est\attirée sur les références normatives citées dans cette publication. L'utilisation de publid
référencées.est obligatoire pour une application correcte de la présente publication.

L’gttention est attirée sur le fait que certains des éléments de la présente Publication de I'l[EC peuvent faire
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La Norme internationale IEC 61788-7 a été établie par le comité d’études 90 de I'IEC:
Supraconductivité.

Cette troisieme édition annule et remplace la deuxiéme édition parue en 2006. Cette édition
constitue une révision technique.

Cette édition inclut les modifications techniques majeures suivantes par rapport a I'édition
précédente:

a) l'ajout de ’Annexe B informative, incertitude type composée relative pour le mesurage de

la résistance de surface;

b) les déclarations de fidélité et d'exactitude ont été converties en incertitude;
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c) l'ajout de la reproductibilité du mesurage de résistance de surface.

Le texte de cette Norme internationale est issu des documents suivants:

FDIS Rapport de vote
90/447/FDIS 90/452/RVD

2020

Le rapport de vote indiqué dans le tableau ci-dessus donne toute information sur le vote ayant
abouti a I'approbation de cette Norme internationale.

Ce dpcument a eté redige selon les Directives ISO/TECT, Partie Z.

Une |liste de toutes les parties de la série IEC 61788, publiées sous le titre~ général

Supriaconductivité, peut étre consultée sur le site web de I'lEC.

Le cgmité a décidé que le contenu de ce document ne sera pas modifié avant'la’date de stdbilité

indighée sur le site web Qe I'lEC sous «http://webstore.iec.ch» dans les@données relatives a la

publifation recherchée. A cette date, le document sera

e rgconduit,

e supprimé,

e remplacée par une édition révisée, ou

e amendé.
IMPIORTANT - Le logo "colour inside" qui‘se trouve sur la page de couverture de [cette
puhblication indique qu’'elle contient des couleurs qui sont considérées comme utiles a
une bonne compréhension de son contenu. Les utilisateurs devraient, par conséquent,

im

rimer cette publication en utilisant une imprimante couleur.
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INTRODUCTION

Depuis la découverte de certains oxydes de cuivre de type Perovskite, un travail approfondi de
recherche et développement (R et D) sur les supraconducteurs haute température (HTS — high-
temperature superconductors) a été, et est toujours, réalisé dans le monde entier, et son
application aux machines a aimant a effet de champ, a la transmission a faible perte de
puissance, aux composants électroniques et a d'autres technologies est en cours.

Dans difféerents domaines de ['électronique, et plus particulierement dans ceux des

télécommunications, les dispositifs hyperfréquences passifs (des filtres utilisant des HTS, par
exem plp) ont été développés et font actuellement I'nhjpf d'essais sur site [1]1 [2]

Les matériaux supraconducteurs destinés aux résonateurs a hyperfréquences [3], aux filtrg¢s [4],
aux Lntennes [5] et aux lignes a retard [6] ont I'avantage de présenter des caractéristiqyes a
trés flaible perte. Les parameétres des matériaux supraconducteurs nécessaires-alla conception
des pomposants hyperfréquences a faible perte sont la résistance de surface (Rg) et la

dépepdance de Rg vis-a-vis de la température. La connaissance de ce parametre est d'une

impoftance essentielle pour le développement de nouveaux matériaux c6té fournisseur et|pour
la copception de composants hyperfréquences supraconducteurs coté\client.

L'amplitude de la résistance de Surface Ry des films HTS de 'grande qualité est en général

inférieure de plusieurs ordres a celle des métaux normaux{7}1[8] [9] [10], ce qui a renforcé la
nécepsité d'une technique de caractérisation fiableQ)pour mesurer cette propfiété.
Traditionnellement, la résistance de surface Ry du niobium (Nb) ou de tout autre matgriau

suprgconducteur basse température est mesurée en fabriquant d'abord une cavité (optique)
résonante a trois dimensions, puis en mesurant sa.valeur Q [11]. La résistance de surfage Ry

peut |étre calculée en résolvant la distribution deschamp électromagnétique (CEM) a l'intérieur
de lalcavité. Une autre technique consiste a.placer un petit échantillon a I'intérieur d'une gavité
plus grande. Cette technique prend de nombreuses formes, mais implique souvent l'incertitude
introdluite par le retrait de la contribution-de la perte due aux films supraconducteurs a haute
tempgrature de la perte totale mesurée*de maniére expérimentale de la cavité.

Les meilleurs échantillons HTS ‘sent des films épitaxiaux formés sur des substrats cristallins
plats| en effet aucun film de,grande qualité n'a été jusqu'ici formé sur une surface arrondie. Il
est dpnc nécessaire de disposer d’'une technique qui peut utiliser ces petits échantillons plats,
qui nfexige aucune préparation des échantillons, qui n'endommage ni n'altere le film, qui est
hautsEment répétable, quiprésente une grande sensibilité (jusqu’a 1/1 000e de la résistan¢e de

surface Rg du cuivie),”qui présente une large plage dynamique (jusqu'a la résistance de
surface Ry du cuivre), qui peut atteindre des puissances internes élevées avec de fgibles
puisgances d'enirée et qui présente une large couverture de températures (4,2 K a 150 Kj.

La mgthode du résonateur diélectrique a été choisie parmi plusieurs méthodes de déterminjation
de la| résistance de surface aux hyperfréquences, car elle s’est avérée la plus populairelaet la
plus prafique actuellement. PIus particulierement, e resonateur saphir est un excellent outil de
mesure de la résistance de surface R; des matériaux supraconducteurs a haute

température [12] [13] [14].

La méthode d'essai spécifiée dans le présent document peut également étre appliquée a
d'autres éléments supraconducteurs, y compris les matériaux a faible 7.

Le présent document est destiné a fournir une base technique appropriée et convenable pour
le moment aux ingénieurs qui travaillent dans le domaine de I'électronique et des technologies
liées a la supraconductivité.

1 Les chiffres entre crochets se référent a la bibliographie.
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La méthode d'essai couverte par le présent document repose sur le travail de normalisation
préalable réalisé dans le cadre du Programme de Versailles sur les matériaux de pointe et les
normes (VAMAS - Versailles Project on Advanced Materials and Standards) sur les propriétés
des films fins supraconducteurs.
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SUPRACONDUCTIVITE -

Partie 7: Mesurages des caractéristiques électronique —
Résistance de surface des supraconducteurs
haute température critique aux hyperfréquences

1 Domaine d’application
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ésolution de mesure: 0,01 mQ a 10 GHz
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en normalisation, consultables aux adresses suivantes:

e |EC Electropedia: disponible a I'adresse http://www.electropedia.org/

e |SO Online browsing platform: disponible a I'adresse http://www.iso.org/obp

4 Exigences

sées

La résistance de surface Rg d'un film supraconducteur doit étre mesurée en appliquant un signal
hyperfréquences a un résonateur diélectrique avec I'éprouvette de film supraconducteur, puis
en mesurant I'affaiblissement du résonateur a chaque fréquence. La fréquence doit étre balayée
autour de la fréquence de résonance au centre, et les caractéristiques de fréquence
d'affaiblissement doivent étre consignées afin d'obtenir une valeur Q correspondant a la perte.
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L'incertitude type composée relative cible de cette méthode est inférieure a 20 % pour la plage
de températures de mesure comprise entre 20 K et 80 K.

Il incombe a l'utilisateur du présent document d’établir, avant de I'utiliser, des pratiques
d’hygiéne et de sécurité appropriées et de déterminer [I'applicabilité des restrictions
réglementaires.

Ce type de mesure présente certains dangers. |l est essentiel d'utiliser un systéme cryogénique
pour refroidir les supraconducteurs et permettre leur passage a I'état supraconducteur. Un
contact direct de la peau avec des composants froids de l'appareillage peut provoquer une
congélation immédiate, comme le peut un _contact direct avec un produit cryogéne qui s'est
dévefsé. L'utilisation d'un générateur de radiofréquences est également essentielle au
mesyrage des propriétés haute fréquence des matériaux. Si sa puissance est trop élevépg, un
contgct direct avec des personnes peut provoquer des brilures immédiates.

5 Appareillage

5.1 | Systéme de mesure

La Figure 1 présente un schéma du systéme exigé pour le mesurage aux hyperfréquences. Ce
systgdme est composé d'un systéme d'analyseurs de réseau poun la mesure de transmission,
d'un pppareil de mesure et d'un thermometre pour surveiller {altempérature de mesure.

Une [puissance incidente générée par une source hyperfréquence adaptée (un analyseur
synttlétisé, par exemple) est appliquée au résonateur diélectrique fixé dans l'appareil de
mesyre. Les caractéristiques de transmission sont ‘présentées sur I'écran de l'analyselir de
réseau. L'appareil de mesure est placé dans unccryoréfrigérateur a régulation de tempérajture.

Analyseur de réseau
vectoriel

Analyseur synthétisé

* Thermomeétre

Parameétre S
Appareil d'essai

! Interface du systéme !

Capteur
thermique

----------------------------

Cryoréfrigérateur ec

Figure 1 — Schéma du systéme de mesure de la dépendance de la résistance de
surface R vis-a-vis de la température a I'aide d'un cryoréfrigérateur
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Pour le mesurage de la résistance de surface Ry des films supraconducteurs, un analyseur de
réseau vectoriel est recommandé. Un analyseur de réseau vectoriel présente une meilleure
fidélité de mesure qu'un analyseur de réseau scalaire, en raison de sa large plage dynamique.
Les exigences de performances de I'analyseur de réseau vectoriel sont présentées en 7.1.

5.2

Appareil de mesure de R

La Figure 2 présente le schéma d'un appareil de mesure classique (résonateur fermé) de la
résistance de surface Ry des films HTS déposés sur un substrat avec une surface plane. Le

film HTS supérieur est comprimé a l'aide d'un ressort en bronze phosphoreux. Il convient
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ement des films supraconducteurs en raison de la dilatation thermique de_la
Ctriqgue. Pour réduire le plus possible I'incertitude de mesure, la tige de saphir ét I'an
ivre doivent étre coaxiaux.

cables semi-rigides de mesure des caractéristiques de transmission du réson
nt étre fixés des deux cbétés du résonateur dans une position axiale‘'symétrique (¢ =0
est I'angle de rotation autour de I'axe central de la tige de saphit)~L'extrémité de ch
eux cables semi-rigides doit comporter une petite boucle. Le_plan de la boucle doi
[éle a celui des films supraconducteurs afin de supprimer les modes d’'ondes magnét
verses (TM,, o) non souhaités. Les boucles de couplage-doivent étre soigneuse
fes pour détecter des fissures dans le joint soudé “par points qui peuvent
oppées lors de cycles thermiques répétés. Ces cables’peuvent se déplacer vers la ¢
gauche pour ajuster I'affaiblissement d'insertion (74). Lors de cet ajustement, le cou

duire le frottement entre le ressort et I'autre partie de I'appareil, et d'assurer la fluidité

ateur
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étre
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ment
'étre
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blage
étre

[imé. Le couplage parasite non souhaité auxiautres modes permet de réduire la val

autres types de résonateurs, avec celui de type fermé représenté a la Figure 2, pe
Itilisés. lls sont expliqués en A.4.

ur Q

e du résonateur de mode électromagnétiquie’transverse TE. Pour supprimer le couplage
ite, la conception des résonateurs Q éleVés doit faire I'objet d'une attention particuliére.

vent
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Figure 2 — Appareil de mesure classique de R

Une ligne de référence composée d'un cable semi-rigide doit étre utilisée pour mesurer le
niveau de puissance de transmission totale, c'est-a-dire le niveau de référence. La longueur de
ce cable est égale a la somme des deux cébles de l'appareil de mesure. Le céble semi-rigide
de diameétre extérieur de 1,20 mm est recommandé.
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Pour réduire le plus possible l'incertitude de mesure, deux films supraconducteurs doivent étre
placés en paralléle. Pour veiller a ce que les deux films supraconducteurs restent en contact
étroit avec les extrémités de la tige de saphir, sans entrefer, les deux surfaces des films et les
extrémités de la tige doivent étre soigneusement nettoyées.

5.3 Tiges diélectriques

Deux tiges diélectriques présentant une permittivité relative identique, ¢, et un facteur de perte,
tan &, de préférence prélevés sur une tige diélectrique cylindrique, sont exigées. Ces deux tiges
(tiges diélectriques normalisées) doivent présenter le méme diamétre, mais des hauteurs
différentes: I'une doit étre trois fois supérieure a celle de l'autre.

Il est préférable d'utiliser des tiges diélectriques dont la valeur tan § est faible afinnd.obtenir
l'incgrtitude de mesure exigée sur Rg. Les tiges diélectriques recommandées sont les tiges de

saph|r monocristallin dont tan & est inférieur @ 2 x 10-7 & 77 K. Les spécifications relative$ aux
tiges|de saphir sont présentées en 7.1. Pour réduire le plus possible les erreurs’ de mesufe de
la régistance de surface R des films supraconducteurs, les deux extrémités\des tiges de spphir

doivgnt étre polies paralléles I'une a l'autre et perpendiculaires a I'axe. Des spécifications
relatives aux tiges de saphir sont données a I'Article 7.

Le dipmeétre et les hauteurs des tiges de saphir normalisées doivént étre soigneusement cdngus
de m@niére a ne pas coupler les modes TE4 et TEy 3 a d'atttes modes TM, HE et EH, gtant
donng que le couplage entre le mode TE et les autres modes provoque la dégradation d¢ Q a
vide.|Des lignes directrices de conception pour les tiges{de saphir normalisées sont donng¢es a
I’Artigle A.5. Le Tableau 1 donne des exemples classiques de tiges de saphir normalisées|pour
une fésonance de 12 GHz, de 18 GHz et de 22 GHz. Pour le mesurage de R  a 22 GHz, le
diamptre de film exigé peut étre de 20 mm, et la.valeur Q| mesurée est faible, les effets de la

pertel diélectrique de la tige de saphir pouvant@onc étre réduits.

Tableau 1 — Dimensions classiques de paires de tiges
de saphir monocristallin pour 12 GHz, 18 GHz et 22 GHz

Hréquence Diameétre, d Hauteur, i
GHz mm mm

Tige courte (résonateur TE011) 11,40 £ 0,05 5,70 £ 0,05

12 Tige'Tongue (résonateur TE, ;) 11,40 £ 0,05 17,10 £ 0,05
Tige courte (résonateur TE,, ) 7,60 + 0,05 3,80 + 0,05

18 Tige longue (résonateur TE, ;) 7,60 + 0,05 11,40 £ 0,05
Tige courte (résonateur TE,,,) 6,20 + 0,05 3,10 £ 0,05

> Tige longue (résonateur TE, ;) 6,20 + 0,05 9,30 + 0,05

6 Procédure de mesure

6.1 Préparation de I'éprouvette

Pour I'estimation de l'incertitude, le diamétre du film doit étre environ trois fois plus grand que
celui des tiges de saphir. Dans cette configuration, l'augmentation de l'incertitude de Rg en
raison des différentes pertes par rayonnement entre le mode TE,4 et le mode TEj 3 peut étre
considérée comme étant négligeable, compte tenu de l'incertitude type composée relative cible
de 20 %. L'épaisseur de film doit étre environ deux fois plus grande que la valeur de profondeur
de pénétration du champ magnétique a la température maximale dans la plage de températures
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de mesure. Si I'épaisseur de film est bien inférieure a deux fois la profondeur de pénétration du
champ magnétique, il convient que la Rg; mesurée soit la résistance de surface efficace.

Le Tableau 2 donne les dimensions des films supraconducteurs des tiges de saphir normalisées
de 12 GHz, 18 GHz et 22 GHz.

Tableau 2 — Dimensions du film supraconducteur pour 12 GHz, 18 GHz et 22 GHz

Tige de saphir a découpe en ¢ Film supraconducteur
Fréquence Diametre, d Diametre, d’ Epaisseur
GHz mm mm um
12 11,40 + 0,05 > 35 =055
18 7,60 = 0,05 > 25 =0,5
22 6,20 + 0,05 > 20 =0,5

Dans
égale

supraconducteurs. Des lignes directrices de conception pour lardimension du cylindre en ¢
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Figure 3 — Affaiblissement d'insertion 14, fréquence de résonance f; et
bande passante a mi-puissance Af, mesurés a T kelvin

Mesurage de la réponse en fréquence des résonateurs

La d¢pendance de la résistance de surface Ry vis-a-vi§ de la température peut étre obtendie en
mesyrant la fréquence de résonance f, et le. facteur de qualité a vide Q, pour les

resomateurs TEy44 et TEg43, qui doivent étre mesurés comme suit.

a)

Jonnecter l'appareil de mesure entre Yles connecteurs d'entrée et de sortie (Figure 1).
Ipsérer la courte tige de saphir normalisée a proximité du centre du film supraconduteur
inférieur, et placer la tige et chacuneddes boucles des cables semi-rigides a égale distInce,
de sorte que ce résonateur a transmission puisse étre sous-couplé de maniére égale aux

aputres boucles. Déposer doucement le film supraconducteur pour le faire entrer en contact
avec la face supérieure .de;r1a tige. Veiller a ne pas appuyer trop fort pour nel pas
endommager la surface™ du film supraconducteur. Faire le vide dans la chambrge de
I'Bprouvette et la refroidir'sous la température critique.

A=y (1)
La valeur Q a vide, Q,,, doit étre extraite de O, selon au moins I'une des deux techniques
décrites ci-dessous.

1) Une technique d'extraction de la valeur O a vide implique de mesurer I'affaiblissement
d'insertion /4. Qu est donné par

0, - Ay = 10-[dB)/20 @)
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L'affaiblissement d'insertion /4 de chaque température est déterminé comme suit. Dans
le systéme de mesure R représenté a la Figure 2, un cable semi-rigide est connecté en

lieu et place de 'appareil de mesure, et le systéme de mesure est court-circuité afin de
déterminer le niveau de référence. Mesurer le niveau de référence a chaque température
et l'utiliser pour déterminer /4 a chaque température.

Cette technique d'utilisation de I'affaiblissement d'insertion prend pour hypothése que le
couplage est identique des deux cétés du résonateur. Les boucles de couplage sont
difficiles a fabriquer, l'orientation de la boucle est difficile a contrdler et tous les
mouvements de la tige de saphir pendant le mesurage ne sont pas connus. Ces effets
dépendants de I'assemblage dépendent également de la température. Cette éventuelle
asymétrie de couplage peut donner lieu a d'importantes erreurs de calcul du facteur de
couplage si le couplage est important (I4 <~ 10 dB). Si le couplage est suffisamment
faible (14 > 20 dB), I'asymétrie du couplage devient moins importante.

2) Une autre technique d'extraction de la valeur Q a vide implique de mesurerJes facteurs
de répartition de la réflexion a la fréquence de résonance des deux cotés'durésongteur.

Ou =0 (1+ B+ B2) (3)
_ ISyl

i | S11]+1S22 | (4)
_ 1S

P2 |S111+[ S22 | (5)

Dans les Equations (4) et (5), Sy4 et Spo Sont les facteurs de répartition de la réflgxion
(voir la Figure 4) et sont mesurés en<unités de puissance linéaires, pas en dB relafif. g,
et B, sont les facteurs de couplage:

Cette technique d'utilisation des facteurs de répartition de la réflexion présente [deux
avantages. Elle n'exige pas‘d'étape supplémentaire d'étalonnage du niveau de référence
et donne une mesure des-valeurs de couplage des deux cotés du résonateur. Cette
technique présente également deux inconvénients. Elle ne fonctionne que poun une
résonance a bande.étroite (ce qui est heureusement le cas) et est limitée par la plage
dynamique de I'analyseur de réseau dans le mesurage des facteurs de réflexion [15] [16].

Une combinaisop-de's deux techniques est utile pour «doubler» la vérification.

-

s valeurs fohet O, mesurées pour cette courte tige sont appelées fy4 et Q4 paur la
resonancedu-mode TEj¢4. En faisant lentement varier la température du cryoréfrigérgteur,
|g dépendance vis-a-vis de la température de fy4 et Q0,4 doit étre mesurée.

l'issue du mesurage de la dépendance vis-a-vis de la température de f4 et Q¢, I'ap
db oA L ' ] ;
Ensuite, remplacer le résonateur TEy 4 dans l'appareil par le résonateur TEy 3 a

température ambiante, refroidir I'appareil a une température inférieure a la température
critique, puis mesurer la dépendance vis-a-vis de la température de f; et O, de son mode

de résonance TEg 3, appelés fy3 et O 3, comme pour le cas du résonateur TEy44. Si la
longueur de la tige de saphir du résonateur TE3 est précisément trois fois supérieure a
celle du résonateur TE ¢4, la valeur fy5 du résonateur TE43 doit coincider avec la valeur fy4
du résonateur TEy44. S'il est convenablement congu, la différence entre f,, et fy3 est
souvent trés faible (<~ 0,25 %). Il peut étre considéré que f; de I'équation (9) peut étre

remplaceé par f3q1 Ou fp3.
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Figure 4 — Facteurs de répartition de la réflexion (5,4 et S,J)

tiges de saphir normalisées

CaIcIIer la dépendance vis-a-vis de la température de la résistance‘de surface de R des

Détermination de la résistance de surface du supraconducteur-et ¢’ et tan 6 des

films

conducteurs, puis &' et tan 6 des tiges de saphir normalisées a I'aide de la dépendance
tvis de la température de Q4 et O,3. O,4 et O,3 peuvent étre calculés a I'aidg des

équations (1) et (2). Si les températures mesurées pour-Q 3 se révelent étre sensiblement

diffeén
temp
sont
fois
pour

entes de celles de Q, 4, une interpolation peut &ire utilisée pour préparer des valeu

etablies dans la cavité de type ouvert, mais’si la taille du film supraconducteur est
lus importante que le diamétre de la tige-de saphir, ces équations peuvent étre util
une cavité de type fermé.

3
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trois
sées

(6)

(7)

(8)

ou

I KoK () —K£ )
K2 () I )~ Jo(u)J (u)

(9)

(10)


https://iecnorm.com/api/?name=f70328b5d40b7f7980c756492bfb5e96

- 60 - IEC 61788-7:2020 © |IEC

2020

(11)

(12)

Dans les equations, A; est la longueur d'onde de résonance en espace libre, c est la vitesse de

la lu

8

normialisée. La valeur 2 est donnée par I'Equation (12) transcendantale utilisant la valeurde v2,

ouJ
seco

En r§gle générale, le facteur de dilatation thermique des tiges doit étre connupour déter;lniner
a

nd ordre. Les dérivées des équations sont décrites a I'Article A.3.

la dpendance de leur taille vis-a-vis de la température. Toutefois, les.effets de dila
thermique des tiges de saphir peuvent étre négligés pour l'incertitude ®ype relative cible

résis

ance de surface Rg (20 %).

() est la fonction de Bessel de premier ordre, et K, (v) la fonction de Bessel niodifige de

tion
de la

Il est a noter que la résistance de surface R mesurée signifie gu'il s'agit de la résistange de
surfafce efficace si I'épaisseur du film est deux fois inférieurg a'la profondeur de pénétration en

fonct

7 1

7.1

on de la température.

hcertitude de la méthode d'essai

Résistance de surface

La rgsistance de surface (Rg) doit étre;-déterminée a partir de la valeur Q mesurée p
technique du résonateur diélectrique.

Un gnalyseur de réseau vectoriel (voir le Tableau 3) doit étre utilisé pour enregistr

dépe
perm

hdance de l'affaiblissement vis-a-vis de la fréquence. L'enregistrement obtenu
fettre de déterminer Q.sefon une incertitude relative de 1072.

Tableau 3 - Spécifications pour I'analyseur de réseau vectoriel

Rlage dynamique de S,, supérieure a 60 dB
Résolution de fréquence inférieure a 1 Hz
Incertitude d'affaiblissement inférieure a 0,1 dB
Limitation de puissance d'entrée inférieure a 10 dBm

ar la

er la
doit

Les résonateurs diélectriques doivent étre équipés de deux tiges diélectriques avec un faible
tan § inférieur a2 x 1077 477 K et un rayon inférieur a 1/3 du rayon de I'éprouvette de
supraconducteur. Le saphir est le meilleur candidat pour les tiges (voir le Tableau 4). Les

défin

itions terminologiques du Tableau 4 sont représentées a la Figure 5.
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Tableau 4 — Spécifications pour les tiges de saphir

Diamétre +0,05 mm

Hauteur +0,05 mm

Planéité inférieure a 0,005 mm

Rugosité de surface surface supérieure et inférieure: inférieure

a 10 nm en valeur efficace

surface cylindrique: inférieure a 0,001 mm
en valeur efficace

Perpendicularité dans les limites de 0,1 degré

Axe paralléle a I'axe ¢ a 0,3° prés

Planéité

Rugosité de surface

N
S

' _ Perpendicularité

Axe du Axe ¢
cylindre| / du cristal

v

IEC

Figure 5 — Définitions‘terminologiques du Tableau 4

La tgchnique décrite prend pour hypothése qu'une hauteur simple et triple de tiges de spphir
peut|étre fabriquée avec le méme tan 6. Toutefois, la variation du tan ¢ entre des [tiges
identjques d'un point de vue nofninal, découpées dans la méme boule et polies selon la méme
technique, peut étre large dejdeux ordres d'amplitude. A ce jour, la plus faible variatiqn du
tan dentre des tiges desaphir identiques d'un point de vue nominal présente un facteyr de
quatrie. Par conséquepiFincertitude du tan 6 mesuré est importante. La variation du tan| 6 de
la prgsente tige de saphir est a I'origine d'une incertitude supplémentaire jusqu'a au moins {10 %
dans|le mesurage. de la résistance de surface. Cela limite I'incertitude cible de la présente
technjique a 5 % Si la reproductibilité des tiges de saphir est améliorée ou si une méthode de
séledtion destiges de saphir normalisées est établie, une incertitude cible peut étre améliprée.

7.2 | Température

L'appareil de mesure est refroidi a la température spécifiée par tous les moyens lors de l'essai.
Un choix pertinent consisterait a plonger I'appareil dans un cryogéne liquide. Cette technique
est rapide et simple, et permet d'obtenir une température connue et stable. Malheureusement,
la plupart des matériaux HTS sont endommagés par la condensation de I'humidité qui se produit
lorsque I'échantillon est retiré du cryogéne. De plus, les incertitudes générées par la présence
d'un mélange de gaz et de liquide a l'intérieur de la cavité, et l'inaptitude a mesurer Ry en

fonction de la température plaident en faveur d'autres méthodes de refroidissement. Ces
limitations peuvent étre contournées par l'immersion d'un caisson a vide dans le cryogéne
liquide. Si le caisson a vide peut étre rempli avec du gaz, un refroidissement rapide et des
températures uniformes sont obtenus. Si des éléments chauffants sont associés a I'appareil, la
dépendance du matériau HTS vis-a-vis de la température peut étre mesurée. Un troisiéme choix,
trés bon également, consiste a utiliser un cryoréfrigérateur. Dans ce cas, le résonateur est
placé sous vide et refroidi par conduction a l'aide d'un boitier métallique. Les gradients de
température avec l'appareil doivent étre évités.
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Un cryostat doit étre prévu avec I'environnement nécessaire a la mesure de R, et I'éprouvette

doit étre mesurée a I'état stable et isotherme. Par hypothése, la température de I'éprouvette
est identique a la température du porte-éprouvette. La température du porte-éprouvette doit
étre consignée a 10,5 K, mesurée au moyen d'un capteur de température approprié.

La différence entre la température de I'éprouvette et la température du porte-éprouvette doit
étre réduite le plus possible a I'aide de blindages présentant une bonne conductivité thermique.

7.3  Structure de I'éprouvette et du support

La structure du support doit assurer un maintien adapté de |'éprouvette, Les deux films doivent
étre paralléles et doivent présenter une stabilité mécanique tout au long du mesurage,| plus
particuliecrement dans un cryoréfrigérateur et sur une plage de températures étendue. Le
parallélisme des deux films peut étre obtenu a l'aide d'une tige de saphir satisfaisan{ aux
spécflfications décrites dans le Tableau 4.

7.4 | Protection de I'éprouvette

La dondensation de I'humidité et les rayures du film détériorent” les propriétés de
supraconduction. Il convient de prévoir des mesures de protectionipour les éprouvettes| Les
revéfements en polytétrafluoroéthylene (PTFE) ou en polyméthylméthacrylate (PMMA) |n'ont
aucup impact sur les mesurages, et peuvent donc étre utilisés pour la protection. Une épaisseur
de mptériau de revétement inférieure a quelques micromeétres.'est recommandée.

7.5 | Incertitude de la résistance de surface mesuréé par la méthode normalisée a geux
résonateurs

Pourfla méthode de résonance diélectrique, le tan_ o des tiges de saphir du mode TEy44 et|celui
du mpde TEj45 sont par hypothése absolument’égaux. Si le tan & des deux tiges de saph}r est

différent, la résistance de surface ne peut pas étre calculée a I'aide de I'Equation (6). Les ¢ffets
d'un gcart de tan ¢ sur la résistance decsurface ont été vérifiés (voir I'Annexe B). L'incertjitude
de lI résistance de surface hyperfrequences des supraconducteurs par la méthode du
résomateur diélectrique dépend de.la taille, de la constante diélectrique, du tan & des tiges de
saph|r et de l'incertitude du Q mesuré du résonateur. L'incertitude type composée relative est
inférieure a 20 % (voir I'Annexe.B)

8 Rapport d’essai

8.1 Identification de I'éprouvette d'essai
L'éprpuvette d'essai doit étre identifiée, si possible, par les éléments suivants:

a) npm du fabricant de I'éprouvette;

b) classification et/ou symbole;

c) numéro de lot;

d) composition chimique du film fin et du substrat;
e) épaisseur et rugosité du film fin;

f) technique du processus de fabrication.

8.2 Consignation des valeurs R

Les valeurs Ry a la fréquence mesurée et celles échelonnées a 10 GHz, accompagnées de
leurs valeurs fy4, fo3, Oy1, Qu3, I4 etlou (B4, Bo), &'ettan & correspondantes, et leur dépendance
vis-a-vis de la température doivent étre consignées.
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