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INTERNATIONAL ELECTROTECHNICAL COMMISSION

SUPERCONDUCTIVITY -

Part 15: Electronic characteristic measurements —
Intrinsic surface impedance of superconductor
films at microwave frequencies

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising
all national electrotechnical committees (IEC National Committees). The object of IEC is to promote
international co-operation on all questions concerning standardization in the electrical and electronic fields. To
this end and in addition to other activities, IEC publishes International Standards, Technical Specifications,
Technical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee interested
in the subject dealt with may participate in this preparatory work. International, governmental and non-
governmental organizations liaising with the IEC also participate in this preparation. IEC collaborates closely
with the International Organization for Standardization (ISO) in accordance with conditions determined by
agreement between the two organizations.

2) The formal decisions or agreements of IEC on technical matters express, as nearly as possible, an international
consensus of opinion on the relevant subjects since each technical committee has representation from all
interested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC National
Committees in that sense. While all reasonable efforts are made to ensure that the technical content of IEC
Publications is accurate, IEC cannot be held responsible for the way in which they are used or for any
misinterpretation by any end user.

4) In order to promote international uniformity, IEC National Committees undertake to apply IEC Publications
transparently to the maximum extent possible in their national and regional publications. Any divergence
between any IEC Publication and the corresponding national or regional publication shall be clearly indicated in
the latter.

5) IEC itself does not provide any attestation of conformity. Independent certification bodies provide conformity
assessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible for any
services carried out by independent certification bodies.

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

7) No liability shall attach to IEC or its directors, employees, servants or agents including individual experts and
members of its technical committees and IEC National Committees for any personal injury, property damage or
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fees) and
expenses arising out of the publication, use of, or reliance upon, this IEC Publication or any other IEC
Publications.

8) Attention is drawn to the Normative references cited in this publication. Use of the referenced publications is
indispensable for the correct application of this publication.

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

International Standard IEC 61788-15 has been prepared by IEC technical committee 90:
Superconductivity.

The text of this standard is based on the following documents:

FDIS Report on voting
90/280/FDIS 90/283/RVD

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

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.
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A list of all parts of the IEC 61788 series, published under the general title Superconductivity,
can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged until
the stability date indicated on the IEC web site under "http://webstore.iec.ch" in the data
related to the specific publication. At this date, the publication will be

* reconfirmed,

¢ withdrawn,

* replaced by a revised edition, or
* amended.

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

Since the discovery of high T, superconductors (HTS), extensive research has been
performed worldwide on electronic applications and large-scale applications with HTS filter
subsystems based on YBa,Cu3;0_5 (YBCO) having already been commercialized [111.

The merits of using HTS films for microwave devices such as resonators, filters, antennas,
delay lines, etc., include i) possibility of microwave losses from HTS films being extremely low
and ii) no signal dispersion on transmission lines made of HTS films due to extremely low
microwave surface resistance (Rg) [2] and frequency-independent penetration depth (A) of
HTS films, respectively.

In this regard, when it comes to designing HTS-based microwave devices, it is important to
measure the surface impedance (Zg) of HTS films with Zg = Rg + jXg and Xg = wupA (here w
and p, denote the angular frequency and the permeability of vacuum, respectively, Xg, the
surface reactance, and Xg = wupA is valid at temperatures not too close to the critical
temperature T, of HTS films).

Various reports have been made on measuring the Rg of HTS films at microwave frequencies
with the typical Rg of HTS films as low as 1/100 - 1/50 of that of oxygen-free high-purity
copper (OFHC) at 77 K and 10 GHz. The Rg of conventional superconductors such as
niobium (Nb) could be easily measured by using Nb cavities by converting the resonator
quality factor (Q) to the Rg of Nb. However, such conventional measurement method could no
longer be applied to HTS films grown on dielectric substrates, with which it is basically
impossible to make all-HTS cavities. Instead, for measuring the Rg of HTS films, several
other methods have been useful, which include the microstrip resonator method [3], the
coplanar microstrip resonator method [4], the parallel plate resonator method [5] and the
dielectric resonator method [7-10]. Among the stated methods, the dielectric resonator
method has been very useful due to that the method enables to measure the Rq in a non-
invasive way and with accuracy. In 2002, the International Electrotechnical Commission (IEC)
published the dielectric resonator method as a measurement standard [11].

The test method given in this standard enables measurement not only of the intrinsic surface
resistance but also the intrinsic surface reactance of HTS films, regardless of the film’s
thickness, by using a single sapphire resonator that differs from the existing IEC standard
(IEC 61788-7:2006), which is limited to measuring the surface resistance of superconductor
films having a thicknesses of more than 3A at the measured temperature by using two
sapphire resonators. In fact, the measured surface resistances of HTS films with different
thicknesses of less than 3A mean effective values instead of intrinsic values, which cannot be
used for directly comparing the microwave properties of HTS films among one another [12,
13]. Use of a single sapphire resonator as suggested in this standard also makes it possible
to reduce uncertainty in the measured surface resistance that might result from using two
sapphire resonators with sapphire rods of even slightly different quality.

The test method given in this standard can also be applied to HTS coated conductors, HTS
bulks and other superconductors having established models for the penetration depth.

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

The test method covered in this standard has been discussed at the VAMAS (Versailles
Project on Advanced Materials and Standards) TWA-16 meeting.

1 Numerals in square brackets refer to the Bibliography.
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SUPERCONDUCTIVITY -

Part 15: Electronic characteristic measurements —
Intrinsic surface impedance of superconductor
films at microwave frequencies

1 Scope

This part of IEC 61788 describes measurements of the intrinsic surface impedance (Zg) of
HTS films at microwave frequencies by a modified two-resonance mode dielectric resonator
method [13, 14]2. The object of measurement is to obtain the temperature dependence of the
intrinsic Zg at the resonant frequency f;.

The frequency and thickness range and the measurement resolution for the intrinsic Zg of
HTS films are as follows:

— frequency: up to 40 GHz;
— film thickness: greater than 50 nm;

— measurement resolution: 0,01 mQ at 10 GHz.

The intrinsic Zg data at the measured frequency, and that scaled to 10 GHz, assuming the £
rule for the intrinsic surface resistance Rg (f < 40 GHz) and the f rule for the intrinsic surface
reactance Xg for comparison, shall be reported.

2 Normative references

The following referenced documents are indispensible for the application 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 60050-815:2000, International Electrotechnical Vocabulary — Part 815: Superconductivity

IEC 61788-7:2006, Superconductivity — Part 7: Electronic characteristic measurements —
Surface resistance of superconductors at microwave frequencies

3 Terms, definitions and general concepts

3.1 Terms and definitions

For the purposes of this document, the definitions given in IEC 60050-815, one of which is
repeated here for convenience, apply.

3.11

surface impedance

impedance of a material for high frequency electromagnetic wave which is constrained to the
surface of the material in case of metals and superconductors

NOTE The surface impedance governs the thermal losses of superconducting RF cavities.

2 Numerals in square brackets refer to the Bibliography.
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(IEC 60050-815:2000, 815-04-62)

3.2 General concepts

3.21 Intrinsic surface impedance

In general, the surface impedance Zg of conductors, including superconductors, is defined as
the ratio of the tangential component of the electric field (E;) and that of the magnetic field (H,)
at a conductor surface:

E .
Zg=—t=Rs+ jXs. (1)
H;

Here Rg denotes the surface resistance and Xg, the surface reactance. If the thickness of the
conductor (or the superconductor) under test is sufficiently greater than the penetration depth
of electromagnetic fields, Zg is expressed by

1 . 1
on(ef (22

with ¢ and u denoting the permittivity and the permeability of the conductor (or the
superconductor) under test, respectively, u,, the permeability of vacuum, o, the conductivity
of the conductor (or the superconductor), and ®, the measured angular frequency, and is
called the intrinsic surface impedance. o is real for the conductor and complex for the
superconductor.

3.2.2 Effective surface impedance

If the thickness of the conductor (or the superconductor) under test is not sufficiently greater
than the penetration depth of electromagnetic fields, Zg as defined by Equation (1) in 3.2.1
becomes significantly different from that defined by Equation (2) in 3.2.1. In this case, Zg as
defined by Equation (1) is called the effective surface impedance Zg, with

E .
ZSe :#:RSe +./XSe (3)
t

Here Rg, denotes the effective surface resistance and Xg,, the effective surface reactance.

4 Requirements

The Zg of HTS films shall be measured by applying a microwave signal to a dielectric
resonator with the superconductor 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 uncertainty of this method is less than 10 % at temperatures of 30 K to
80 K.

It is the responsibility of the user of this standard to consult and establish 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 r.f.-generator is also essential to measure higlﬁre uenc
otuments
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properties of materials. If its power is too high, direct exposure to human bodies can cause an
immediate burn.

5 Apparatus

5.1 Measurement equipment

Figure 1 shows a schematic diagram of the equipment required for the microwave
measurement. The equipment consists of a network analyzer system for transmission
measurements, a measurement apparatus, and thermometers for monitoring the temperature
of HTS films under test.

An incident power generated from a suitable microwave source such as a synthesized
sweeper is applied to the dielectric resonator fixed in the measurement apparatus. The
transmission characteristics are shown on the display of the network analyzer.

The measurement apparatus is fixed in a temperature-controlled cryocooler.

For measuring the Zg of HTS films, a vector network analyzer is recommended because it has
better measurement accuracy than a scalar network analyzer due to its wider dynamic range.

5.2 Measurement apparatus

Figure 2 shows a schematic diagram of a typical measurement apparatus for the Zg of HTS
films deposited on a substrate with a flat surface. The lower HTS film is pressed down by a
spring, which is made of beryllium copper. Use of a plate type spring is recommended for the
improvement of measurement uncertainty. This type of spring reduces the friction between the
spring and the other part of the apparatus, and enables smooth motion of HTS films in the
course of thermal expansion/contraction of the dielectric-loaded cavity. The upper HTS film is
glued to the Cu plate at the top using adhesives with good thermal conductivity.

The Rg is measured with the upper HTS film being in contact with the top of the Cu cavity.
During measurements of the Rg, the whole resonator is first cooled down to the lowest
temperature with the cryocooler turned on and then warmed up to higher temperatures with
the cryocooler turned off. Meanwhile, the Xg is measured with a small gap between the upper
HTS film and the top of the Cu cavity. The gap distance shall be set to a value predetermined
at the room temperature by using either a micrometer or a step motor connected to the upper
superconductor film through a polytetrafluoroethylene (PTFE) rod. The real gap distances
would be a little longer at cryogenic temperatures than the corresponding predetermined ones
due to thermal contraction of the PTFE rod. The gap distance should be small enough not to
cause significant radiation loss and large enough to enable control of the temperature of the
upper superconductor film. More detailed descriptions on a dielectric resonator with a
movable top plate, a switch block for thermal connection, and the dielectric resonator
assembled with the switch block are given in Figures 3 to 5, respectively. Procedures for
controlling the temperature of the upper HTS film for measurements of the Xg are described in
6.6.

Each of the two semi-rigid cables shall have a small loop at the end as shown in Figure 3. The
plane of the loop shall be set parallel to that of the HTS films in order to suppress the
unwanted TM,,,0 modes. The coupling loops shall be carefully checked prior to the
measurements to keep the good coupling conditions. These cables can move to the right or to
the left to adjust the insertion attenuation (/A). In this adjustment, coupling of unwanted cavity
modes to the interested dielectric resonance mode shall be suppressed. Unwanted, parasitic
coupling to the other modes not only reduces the high-Q value of the TE mode resonator but
also increases uncertainty in the measured resonant frequency of the TE mode resonator,
making it difficult to measure changes in the resonant frequency vs. temperature data with
accuracy.
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For suppressing the parasitic coupling, dielectric resonators shall be designed in such a way
that the frequencies of the resonance modes of interest are well separated from those of
nearby parasitic modes. The dielectric rod should be fixed at the center of the bottom
superconductor film by using low-loss epoxy.

Vector network

analyzer system Thermometer

A

Measurement apparatus

Cryostat IEC 2147/11

Figure 1 — Schematic diagram for the measurement equipment for the intrinsic Zg
of HTS films at cryogenic temperatures

Gap S

pm-control

IEC 2148/11

Key

1 polytetrafluoroethylene (PTFE) rod 7 superconductor (or metal) film
2 Cu plate 8 Be-Cu spring

3 superconductor (or metal) film 9 cold finger

4 Cu wire 10 Cu cavity

5 switch for thermal connection 11 dielectric rod

6 Cu plate

Figure 2 — Schematic diagram of a dielectric resonator with a switch
for thermal connection
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Key

1 acryl plate 6 dielectric rod 11
2 z-axis stage 7 superconductor film 12
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Figure 3 — Typical dielectric resonator with a movable top plate
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Figure 4 — Switch block for thermal connection
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Key

1 screw 6 Cu braid 11 Cu block

2 Cu block 7 Cu plate 12 spring

3 Cu braid 8 screw 13 Cu cavity block
4 thermal switch block 9 Cu braid 14 Cu block

5 Cu block 10 screw 15 screw

Figure 5 — Dielectric resonator assembled with a switch block for thermal connection

5.3 Dielectric rods

Dielectric resonators shall be designed in such a way that the TEy,, and the TEyy, modes
appear next to each other without being coupled to the other TM or HE modes. Furthermore,
the resonant frequencies of the two modes shall be close enough for reducing the
measurement uncertainty in Zg and far enough not to cause any coupling between them. The
difference between the resonant frequencies of the TEj,4 and the TEy4, modes shall be less
than 400 MHz, a value corresponding to ~ 1% of each resonant frequency, and more than
80 MHz considering reduced resonator Q at higher temperatures.

The dielectric rods shall have low tan 6 and low temperature variation of the dielectric
constants to achieve the requisite measurement accuracy in Rg and Xg, respectively. In this
regard, c-cut sapphire rods are recommended for measuring the Zg with accuracy (the relative
permittivity along the a-b plane ¢, ,,’ = 9,28 at 77 K for sapphire).

Designing schemes for the standard sapphire rod are described in Annex A.4 and A.5.
Table 1 shows typical dimensions of the standard sapphire rod used for 40 GHz TE,,4-mode
sapphire resonator. The resonant frequencies become lower if the dimensions are uments
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which, however, larger HTS films are to be used to maintain the requisite measurement
uncertainty.

Table 1 — Typical dimensions of a sapphire rod

(Unit: GHz)
Diameter | Height | TE,,,-mode TE,,,-mode TE,,,-mode
(mm) (mm) frequency frequency frequency
5,0 2,86 25,27 40,06 39,97

5.4 Superconductor films and copper cavity

Oxygen-free high-purity copper (OFHC) shall be used for the surrounding wall of the dielectric
resonator. The diameter of the OFHC cavity shall be determined in such a way that the
requisite measurement uncertainty can be realized. Typical dimensions of OFHC cavities and
HTS films suggested for the standard sapphire rod are listed in Table 2.

Table 2 — Typical dimensions of OFHC cavities and HTS films

(Unit: mm)
Sapphire rod OFHC cavity HTS films
diameter | height | diameter height diameter
5,0 2,86 12,0 2,86 > 14

6 Measurement procedure

6.1 Set-up

The measurement equipment shall be set up as shown in Figure 1. The measurement
apparatus, standard dielectric rods, and HTS films shall be kept in a clean and dry state as
dust and high humidity may affect the measurement results.

6.2 Measurement of the reference level

The level of full transmission power (reference level) shall be measured prior to
measurements of the resonator Q-value as a function of temperature. The measurement
procedure is as follows.

a) Fix the output power of the synthesized sweeper at a value below 10 mW (typically 1 mW)
because the measurement uncertainty depends on the measuring signal level

b) Connect a reference line of semi-rigid cable between the input and output connectors. The
length of the reference line shall be the same as the sum of the lengths of the two semi-
rigid cables with a loop at each end as described in 5.2.

c) Measure the transmission power level over the frequency range and temperature range of
interest.

6.3 Measurement of the Rg of oxygen-free high purity copper

The surface resistance of OFHC which forms a cavity wall shall be measured as a function of
temperature prior to measurements of the surface resistance of superconductor films under
test. For this purpose, the loaded Q-value shall be measured through a transmission method
with the coupling loops placed near the bottom of the cavity. The coupling loops mr@ﬁ ments
placed at the middle of the cavity for all the modes. In this case, the positior of t bi
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loops needs to be closer to the dielectric rod for the TEy4, mode than for the TE;,4 mode due
to the weaker coupling strength for the TEy,, mode. The followings describe a way to
measure temperature dependences of the loaded TE(,, mode Q-value and the corresponding
unloaded Q-value.

(1) Place the standard dielectric rod at the center of the lower OFHC endplate and fix the
position using low-loss epoxy. The epoxy should not degrade the microwave properties
of the OFHC plate and the superconductor film and should be easily removable by using
acetone. The OFHC endplates shall be larger than the HTS films under test with the
surface of the OFHC endplates being well polished and clean before being used for the
test.

(2) Connect the input and output connectors to the measurement apparatus (Figure 1) and
set the distance between the rod and each of the loops of the semi-rigid cables to be
equal to each other so that this transmission-type resonator can be under-coupled
equally to both loops.

(3) Put down an upper OFHC endplate gently to touch the top of the OFHC cavity.

(4) Evacuate and cool down the specimen chamber below the T of the superconductor film
to the lowest temperature.

(5) Identify the TE,;,4 mode resonance peak of this resonator using the calculated TEgy4
mode resonant frequency.

(6) Set the frequency span such that only the TE;,4 resonance peak is displayed (Figure 6)
and confirm that the insertion attenuation /A of this mode is greater than 20 dB from the
reference level at the lowest temperature. Confirm that /A increases as the temperature
increases.

(7) Measure the TEy,, mode f, and the half power band width Af;yg. The loaded Q-value,
Q_, of the TEy,4 mode resonator is given by
— fO
Af3dB

Q (4)

(8) The unloaded Q-value, Qyj, shall be obtained from the Q by at least one of the two
techniques described below.

The first technique is to use the /A values for obtaining the Q_ from the Q, for which
Qy is expressed by

Q

-t

Q= with A, =107/AldB]/20 )

The Qy values obtained from Equation (5) are valid if the input coupling is the same as
the output coupling for the resonator. The coupling loops are difficult to fabricate and
the coupling factors are dependent on orientation of the loop and the temperature. The
potential asymmetry in coupling can result in large uncertainties in calculating the
coupling factor if the coupling is strong (/A < 10 dB). For a weak coupling of /A being
greater than 20 dB, asymmetry in the coupling becomes less important.
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Figure 6 — A typical resonance peak. Insertion attenuation /A,
resonant frequency f, and half power bandwidth Af; 5 are defined

The second technique is to use reflection scattering parameters at both sides of the
resonator at the resonant frequency, for which Q; is expressed by [15, 16]

Qu=Q (1+m +n,) (6)
with
1-S,
— v 7
T S, + Sy (7)
e 2 8
m S, +Sy (8)

Sq44 and S,,, illustrated in Figure 7, are measured in linear units of power, not
relative dB. 74 and 7, denote the input and output coupling coefficients, respectively.
The technique employing reflection scattering parameters has two merits and demerits.
The merits include i) exemption of the additional step for calibrating the reference level
and ii) measurements of the coupling values for both sides of the resonator. Meanwhile,
the demerits include that the second technique is applicable only for a narrow band
resonance and limited by the dynamic range of the network analyzer in measuring the
reflection coefficients.

A combination of the two techniques provides an excellent way to justify validity of the
measured Qyy, which is therefore recommended.

(9) The surface resistance of OFHC is obtained from the measured Q( using the following
relation

1| _Rs(OFHC) _ Rs(OFHC) Rs(OFHC) .. ©)
Qu Gy Gg Gsw
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[l—ktanéj 1
& < (10)

(1 1 1 J (1 1 1 j
e T e
Gr Gg Ggy Gr Gg Ggy

for ktan & being negligibly small compared to the 1/Q( values for the two resonant
modes of interest in Equation (9). Gy, Gg and Ggyy are constants determined by
distributions of electromagnetic fields inside the resonator, and called as the
geometrical factors. The unit of the geometrical factors is ohm. k denotes the filling
factor, which is determined by the ratio of time-averaged electromagnetic energy stored
inside a dielectric to that inside the whole cavity. The geometrical factors and the filling
factor for the TEj,4 and the TEy 1, modes of the standard sapphire resonator are listed
in Table 3, for which the dielectric constants of 9,28 and 11,3 at 77 K are used along the
a-b plane and the c-axis of the sapphire rod, respectively. Details for obtaining the
geometrical factors are described in Annex A.3.2.

Rs(OFHC) =

Table 3 — Geometrical factors and filling factors calculated
for the standard sapphire resonator

Mode GHQ) Gg(Q) Gsw(Q) k
TE,,, 1771 1771 250 943 0,954 6
TEq,, 585 585 9,78 x 10° 0,994 6

(10) The Rg(OFHC) at the TEy4,-mode resonant frequency shall be determined from that at
the TEgy,4-mode resonant frequency using the Rg o« f'* relation. The TEgy,,-mode
resonant frequency of the resonator with superconductor endplates shall be used for
this purpose.

6.4 Determination of the effective Rg of superconductor films and tand of standard
dielectric rods

The loaded Q-values and the unloaded Q-values of the resonator shall be measured in the
same way at the resonant frequencies of the TEy,4 and TEy4, modes, as described in 6.3
from steps 1) through 8). The relation between the measured Q; values and the effective
surface resistance of the superconductor films Rg.(SC) is expressed as follows.

I _Rsou(SC) , Rsea(SC) , Rsa(OFHC) o s (11)
QUa GTa GBD! GSWU!

In Equation (11), a = 1 for the TE;,41 mode with the resonant frequency f;, and «a = 2 for the
TEy42, mode with the resonant frequency f,. The scaled values of Rgy,(SC) and tan 6, to f,
can be obtained using the respective relations of Rg, f2 [17] as explained by the two-fluid
model and tan & « f, an assumed relation for low-loss dielectrics. The Rgy4 is expressed by

Xky = Xk,

2 (12)
Ak, - Ak

RSel =
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Figure 7 — Reflection scattering parameters S;; and S,,

with
tans, = X102 = A (13)
A2k1_Alk2
X, - I Rg(OFHC) (14)
QUI GSWI
X, - I Ry (OFHC) (15)
Q> Gsws
1 1
A=—+— (16)
"G Gy
2
A [f_J (L+LJ (7)
fi)\Gr  Ga
Ky - kz(;_z] (18)
1

Equations (10) ~ (18) enable simultaneous measurements of the effective surface resistance
of superconductor films and the tan 5 of the standard dielectric rods with small uncertainty if f,
and f, are close to each other. In Equation (11), Rg1(OFHC) and Rg,(OFHC) are the pre-
determined values for OFHC cavity wall using the procedure as described in 6.3.

6.5 Determination of the penetration depth

The penetration depth 4 of superconductor films shall be measured by using the same

sapphire resonator as described in 6.1, for which the temperature of the upper

superconductor film should be controllable independently from that of the rest of the resonator.

For this purpose, a gap (typically 10 um) shall be introduced between the upper

superconductor film and the rest of the resonator. Disconnection between

superconductor film and the rest of the resonator can be confirmed by moes win?@tgﬁments
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resistance between the upper superconductor film and the rest of the resonator. The gap
should be small enough not to change the ratio Af,/f; of the shift in the resonant frequency
(Afy) to the resonant frequency (f;) for the TEj,4 mode regardless of the existence of the gap,
and large enough to enable temperature control of the upper superconductor film
independently from that of the rest. Measurement procedure for 1 as a function of
temperature is as follows.

(1) Follow steps (1) ~ (3) in 6.3 with both OFHC endplates replaced with superconductor
films.

(2) Pull the upper superconductor film upward by 10 um using either a micrometer or a step
motor and confirm that the upper superconductor film is parallel to the lower
superconductor film. Also confirm that the upper superconductor film is thermally
separated from the rest of the resonator. The gap distance of 10 um, which represents a
value at the room temperature, can be controlled by a micrometer connected to the
upper superconductor film through a polytetrafluoroethylene (PTFE) rod. Thus the real
gap distances would become a little greater at cryogenic temperatures due to thermal
contraction of the PTFE rod.

(3) Evacuate and cool down the specimen chamber below the T of the superconductor film
to the lowest temperature with the switch for thermal connection closed. Confirm that
the temperature of the upper superconductor film is the same as that of the rest at the
lowest temperature.

(4) Identify the TEy,, mode resonance peak of this resonator using the calculated TE\,4
mode resonant frequency.

(5) Set the frequency span such that only the TE(, resonance peak is displayed (Figure 6)

(6) Open the switch for thermal connection and let the temperature of the upper
superconductor film increase while the rest remains at the lowest temperature. Collect
the TEy,1 mode resonant frequency as a function of temperature.

(7) Collect the shift in the TEy,,; mode resonant frequency Afy (= fi(T) — f1(T;,) as a
function of temperature

(8) Determine A from a least-square-fitting of Af; to the following equation for the changes
in the effective surface reactance of the upper superconductor film, XSe’TOp,[18]

Af,
AXSeTop =-2G !

2Cr5r = ARe(Gp, )X} (19)

where Xg = 2nfy 1y, and

t
Bn - 1 COth[lj

Re(G,,): Re[ﬂh 7z COth(yzSt)J ~ A (20)

- t 1
coth — |- —
oot & |-

In Equation (20), 3= 1/4 due to o, >> o, at temperatures not too close to T, and Gy,
denotes the ratio of the effective surface impedance to the intrinsic surface impedance
as described in Annex A.3.1. Detailed descriptions for deriving Equations (16) and (17)
are given in Annex A.3.3.1. A model equation that properly describes the temperature
dependence of A shall be used in determining the fitted values of i, and T, for which
the following equation is known for the temperature-dependent A of high-T,

superconductor films [18].
1
2| 2
izlo{l—(lJ} : (21)
TC
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6.6 Determination of the intrinsic surface impedance

The intrinsic surface impedance of superconductor films at f; shall be obtained using the
following procedure:

(1) Determine o, as a function of temperature from the temperature-dependent 1 as obtained
in step 8 of 6.5 using the following equation of

1 2
A :{ J . (22)
O Hy0

with o, = 2nfy for temperatures lower than 27T /3.

Equation (22) should be valid for temperatures lower than 2T/3.

(2) Determine o4 from the least-square-fit to the following equation using o, as determined in
step 1 with o4 being the only fitting parameter for temperatures lower than 2T /3.

Rse =[Re(G, )Rs — Im(G,, )X ] (23)

In Equation (23), Rg and Xg are expressed as follows.

1
2
Rs :i(zﬂf_lfuo] , (24)
20, 0o,
1
2.7f, 2
X = on i) = [_*‘OJ (25)
<))

(3) Use the o4 and the o, values as determined in step (2) to determine Rg and Xg using
Equations (24) and (25).

(4) Determine o4 and o, from a two-paremeters fit of 54 and o, to the following equations for
temperatures higher than 2T /3.

Rse =[Re(G,)Rs —Im(G,, )X ], (23)
X = A[Re(G,)Xs —Im(G,)Rs ], (26)

with Rg and Xg in Equations (23) and (26) defined as

Rs =Re(ZS)=Re(jwl—ﬂ,°J2, (27)
o1 —]0,
'
Xs =Im(ZS)=Im(MJ2. (28)
o, —]0;

and Re(Gj) and Im(G;) being the real and the imaginary part of G,, respectively, as
described below.

— ¥, cothly 5t . . e
" g: co}/tﬁ(ﬂf 3t)(_y273 3)’ with 7,; = o (o) - joo )2 (29)
V4 z
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(5) Use the o4 and the o, values as determined in step (4) to determine Rg and Xg using
Equations (27) and (28) for temperatures higher than 2T ,/3.

For reference, for temperatures higher than 2T7./3, A is obtained from the following
equation.

Re(y,3) Re{{jwlﬂo (01~ Jjo )};}

7 Uncertainty of the test method

7.1 Measurement of unloaded quality factor

The intrinsic surface impedance at the TEj,4-mode frequency shall be determined from both
the temperature-dependent Q( values of TEy,4-mode and TEy,,-mode dielectric resonators
as measured with the upper superconductor film in contact with the rest of the resonators, the
shift in their TEy,4-mode frequencies as measured with a 10-um gap between the upper
superconductor film and the rest of the resonators, and the film thickness as measured
separately by various thickness measurement method. A vector network analyzer as specified
in Table 4 shall be used to record the frequency dependence of attenuation and the resonant
frequency. The resulting record shall allow the determination of Q to a relative standard
uncertainty of 4%.

Table 4 — Specifications of vector network analyzer

Dynamic range above 60 dB
Type B uncertainty in frequency 1 Hz at 10 GHz
Type B uncertainty in attenuation 0,1dB

Input power limitation below 10 dBm

7.2 Measurement of loss tangent

The dielectric resonators shall be provided with the loss tangent of the dielectrics being
sufficiently low. The best candidate having the least loss tangent is sapphire as specified in
Table 5 with the definitions of the terms being the same as described in IEC 61788-7 Ed.
2:2005 (Also see the illustration in Figure 8). The loss tangent shall be measured with a
relative uncertainty to not exceed 5%.

Table 5 — Type B uncertainty for the specifications on the sapphire rod

Diameter 0,05 mm
Height 0,05 mm
Flatness 0,005 mm

top and bottom surface : 10 nm.
Surface roughness
side wall : 0,001 mm

Perpendicularity 0,1°

AXxis parallel to the c-axis within 0,5°
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Figure 8 — Definitions for terms in Table 5

7.3 Temperature

The measurement apparatus is cooled down to the specified temperature by any means
during testing, for which one of the best methods is to use cryocoolers. In this case, the
resonator sits in vacuum and is cooled by thermal conduction through the metallic
connections. The temperature shall be determined with a standard uncertainty not to exceed
0,5 K. Care must be taken to avoid temperature gradients within the apparatus while
measuring the Rg, and to control the temperature of the upper HTS film independently from
the rest while measuring the A.

7.4 Specimen and holder support structure

The support shall provide adequate support for the specimen. It is imperative that the two
films be parallel and mechanically stable throughout the measurements, especially in a
cryocooler and over a wide range of temperature. The support shall be connected to a
micrometer that enables the gap distance between the top superconductor film and the rest of
the resonator to be determined within a standard uncertainty of 0,5 um.

8 Test Report

8.1 Identification of test specimen

The test specimen shall be clearly identified, for which information on the following items is

recommended:

a) name of the manufacturer of the specimen;

b) classification and/or symbol;

c) lot number;

d) chemical composition of the thin film and the substrate;
)

)

thickness and roughness of the thin film;

—h

) manufacturing process technique.
8.2 Report of the intrinsic Zg values

The intrinsic Rg, and the intrinsic Rg scaled to 10 GHz, A; (i.e., A at 0 K) and Xg (= agiupl)
shall be recorded as functions of the temperature along with the corresponding resonant
frequencies, the loaded and the unloaded Q-values, the insertion attenuations of both TE,4
and TEy, modes, and the film thickness.

8.3 Report of the test conditions

The following test conditions shall be reported: Documents
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a) test frequency and the frequency resolution;

b) maximum r.f. power of the test signal;

c) testtemperature, and temperature differences between the two endplates;
d) history of sample temperature versus time;

e) kind of a dielectric rod used for the measurements.
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Annex A
(informative)

Additional information relating to Clauses 1 to 8

A.1 Concerning the Scope

Establishment of the standard measurement method is needed to evaluate film quality of high-
Tc superconductor (HTS) films having the intrinsic surface resistance of less than 0,05 mQ
and surface reactance of 10 mQ ~ 15 mQ at 10 GHz regardless of the film thickness. Several
resonance methods that enable measurement of the surface resistance in the microwave and
millimetre wave range can be found in IEC 61788-7. Figure A.1 shows a schematic diagram
for the measurement system when step motors are used for controlling the motion of the
upper superconductor film placed on the dielectric resonator. A detailed view of the motion
stage is seen in Figure A.2.

T
Controller 1
PC
1
].
W, —1 e
a | ] 1
,-ml 1 a-zf;%’m
SR I I A 2
3
%
_ __l—n—-,-..—'.. __}t s
] I‘ [ e\ _"__E-FS
N
LD e Y
- i
Temperature, ‘;. T8
controller !
| *
Microwave
— network
analyzer
IEC 2155/11
Key
1 step motor 6 switch for thermal connection
2 polytetrafluoroethylene (PTFE) rod 7 dielectric resonator
3 polytetrafluoroethylene (PTFE) plate 8 cold finger
4 SUS plate 9 transmission line
5 polytetrafluoroethylene (PTFE) rod

Figure A.1 — Schematic diagram for the measurement system
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Key

1 case frame 7
2 2,75” flange 8
3 rotary feed through 9
4 step motor 10
5 coupling polytetrafluoroethylene (PTFE) 11
6 stage shaft boss 12

photo sensor
z-stage base
stage sensor plate
y-stage base
x-stage base
m-stage base

13
14
15
16
17
18

m-stage shaft guide
polytetrafluoroethylene (PTFE) rod
m-stage plate

PTFE rod

OFHC block

OFHC block

Figure A.2 — A motion stage using step motors

A.2 Requirements

Use of smaller dielectric rods enables to use smaller superconductor films. However, if the
dielectric rod becomes smaller, it becomes difficult to prepare a measurement apparatus and
set up a measurement system as the diameter of semi-rigid cables is limited by the height of
the dielectric rod and the measurement system should be capable of handling higher

frequencies.

This test method is applicable to any superconductor having a proper model for the
temperature dependence of the penetration depth.

This test method is applicable for measurement temperatures below 30 K if new cooling
technique allows temperatures lower than 30 K.

This test method is applicable for measurement temperatures above 80 K if proper cares are
taken for the intrinsic Rg being comparable with the intrinsic Xg at temperatures very close to

the critical temperature 7.
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A.3 Theory and the measurement procedure for the intrinsic surface
impedance

A.3.1 Theoretical relation between the intrinsic Zg and the effective Zg [1]3

Figure A.3 shows a cross-sectional view of a dielectric resonator with two superconductor
films of the same quality placed at the top and the bottom of a dielectric rod. In a cylindrical
coordinate (p ¢, z) system, except for k = 3, the non-zero field components of TE,,, mode in
the k-th region is described by the following equations [2].

L 2d J
\\ / Region 4 % 7
% I SC film (region 3) t E
NI | ,
§ h ie ec; ric ro Region 2 § P
\ Y d
% SC film §
% / Region 5
[UNIINNNINNNNNNY OFHC NN

IEC 2157/11

Regions 1 ~ 5 stand for a dielectric rod (1), vacuum (2), superconductor films (3), and dielectric substrates of the
same kind used for the film growth (4 and 5), respectively.

Figure A.3 — Cross-sectional view of a dielectric resonator

Hae = A (B2 (Bip) (A1)
Jou d‘/’k(ﬁkp)

E. = A 7k Nk A.2

ok 5. v Gk (B2 dp (A.2)
_ A qu(ﬂzkz) d'//k(ﬂkp)

Pk~ ﬂkz dz dp (A3)

with H and E denoting the electric field and the magnetic field, respectively, A,, a constant for
the field components in the k-th region, B,, and B, denoting the propagation constant and, the
p-direction wave number, respectively, in the k-th region, g, a function of 8,,z, and ¥,, a
function of gy p.

For k =1, 2, B,1=B,2, 91(B,12)=05(B,2z)=cos(B,1z+y},), with @, dependent on the symmetry of
the electromagnetic field components. For the TE,,, modes, the field components in region 1
are expressed by

H, = Ado(Bip)a (B2) (A.4)
Ho =2 (5) 20 2) (A5)

3 In this Annex A, numerals in square brackets refer to Clause A.8, Reference documents.
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Eo = L2000 (o (.12) (A6)
1

with B4 denoting the p-direction wave number and J,, the zeroth order Bessel function of the

first kind
v, = pr (odd n) (A.7)
Wi =M (even n) (A.8)

for the TE,,, modes with p denoting a natural number. In Equations (A.4) ~ (A.6), Jy'(81p)
=dJo(B1p)/d(B1p). The field components in region 2 are expressed by

Hy, = AQy(8.0)a,(B,22) (A.9)
1 d%(ﬁzzz)
Hio =5 Q (pop) 222 (A.10)
Ey = ijOAl Qor(ﬂzp)qz(ﬁzzz) (A.11)
2

with B4 = B2, Qp'(B2p) = dQy(Bop) /d(Bop) and

’

Qo(ﬁzp) — _:B2J0,(ﬁla) KO(ﬁZP)’O (,Bzd)_lo (ﬂzP)Kol (ﬂzd) (A 1 2)

’ ’

B K, (Ba)l, (ﬂzd)—/()(ﬁza)Ko’(/’)zd)

for ky’e,5 < B,° with Iy and K, denoting the zeroth order modified Bessel function of the first
kind and the second kind, respectively. If ky’e,, > Bo%, o, Iy's Ko, and K’ are replaced with Jj,
Jo's Yg, and Yy, respectively, in Equation (A.12) with Y, denoting the zeroth order Bessel
function of the second kind.

Equations for B, and B,, (=B8,4) are given as follows.

ko'en = Po + B (A.13)
kozgrz = ﬂzz2 —ﬂzz = ﬁzlz —ﬁzz , for k025r2 < ﬂzz (A.14)
Ko'€ry = B+ By” = By’ + o7, for ke, > By’ (A.15)

with ko= wo(eouo) , wp=2 nfy, and B4 and B, denoting the cut-off wave number in regions 1
and 2, and ¢,.,’ and €5, the relative permittivity of region 1 along the a-b plane and region 2,
respectwely Also the following characteristic equation is obtained from the boundary
condition at p = a in Figure A.3.

By 1a): 1(Ba)K,(8,d)-1,(B,d K, (B,a) o 2 ) e
AnlBa)  hBa W (Boa) ol pra k() (A.16)

Bodi(Ba) _ Ji(Ba)Yi(Bd)-Ji (8,9, (Ba) 2, o2
ﬁlJO(ﬂla) - J](ﬁzd)yo(ﬂza)+ Jo(ﬂza)yl(ﬂzd) for ko'era > /o DOé ments
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with d denoting the radius of the OFHC cylinder placed between the superconductor films as
seen in Figure A.3.

For k = 3, general expressions for non-zero field components can be expressed as follows.
Esy = jouAsf(p)sinh(y 52)+ Iy cosh(y ;2)] (A.18)
H 3 = 73A (p)lcosh(y ;52)+ I sinh(y 32)] (A.19)

with 73 denoting a constant and f(p), a function of p, and Hzy = 0 for H < Hg4 with Hgq
denoting the lower critical field of the superconductor films. In Equations (A.18) ~ (A.19),
Vg3 = (ja)yoo-)”2 with o = (o4 - jop) denoting the complex conductivity of superconductor films.

For k = 4, 5, the non-zero field components are expressed by

Hz = Ag Jo(Bap) qa(La2), (A.20)
Eps = (%)Jofﬁap)' 29slluz) g (A.21)
Hos = L2085 (00 as(ue2), (A.22)

with q4(B,42) = exp(- jBy42) - I, exp(jB,4z), Iy = (exp[-Bz4(2t + 2/ + h)]), a constant, and
Jo(Bap)” =dJo(B4ar)/d(Bap)-

Equation for B,,4 is given as follows.

Ko’6ra = Pog” + B, for ky’ery > B (A.23)
Ko’erq = Bos’ = Bs, Tor ky’e,q < B, (A.24)
with
v
By = % (A.25)

from the boundary condition at p = d in region 4. v, is the m-th root of Jy(x)’ = 0.

If ko’€rq < Bs’, Jo is replaced with I, in Equations (A.20) ~ (A.22). In real cases, the diameter
of the substrate dg is a little larger than d, which replaces d in Equation (A.25).

Iz in Equations (A.18) and (A.19) is determined from the boundary condition of
Hy3/ Egs = Hpa/ Egy at z = (h/2) + t, which is expressed by

e R
sl ool 3]

A relation between 8,4and y,3 is obtained from the boundary condition of H,/E o1 JH e/
z = hi2, which is given by »"“ot oCenfients
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