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Laterally Resolved Microwave Surface-Resistance
Measurement of High-. Superconductor Samples
by Cavity Substitution Technigue
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Abstract—Microwave surface impedance measurement of Microwave measurements have been used since the early
a high-temperature superconductor (HTS) is a sensitive probe stage of superconductivity. Pippard [1] reported the study
to test its quality, particularly if a microwave device is to be of penetration depth in classical superconductors, such as

fabricated. Most microwave characterization employs resonance Pb - . it tor. Si th .
techniques in which the components of the surface impedance”™ - using a microwave cavity resonator. since then, various

are extracted from the measured@ value and the shift in the configurations with improved precision, sensitivity, and relia-
resonance frequency. In this paper, we present a modification bility have been employed to study the surface impedance of

of the widely used complete end-plate substitution technique to superconducting materials [2]. Most of the techniques used
measure the surface resistance of samples having dimensionsfOr R, measurement are resonant methods [3]-[7] wHeye
S

smaller than the dimension of the end plate at 20 GHz, as well . lculated f th d lity fact f fi
as to facilitate the laterally resolved surface resistance measure- IS Calculated from the measured quality factor ot a resonating

ment of large-area HTS samples. From the knowledge of the Structure. In the cylindrical-cavity end-plate substitution tech-
electromagnetic-field configuration in aTEq;;-mode cylindrical  nique, the surface resistance of the sample is extracted from the
cavity, the loss contribution from the HTS sample is analyzed measured) value of theTEq;; mode cavity without and with
theoretically and measured experimentally in the temperature e sample substituting one of the end plates. The size of the
range of 20—100 K. The design of the cavity is discussed to optimize . .

the sensitivity of the measurement by the placement of the sample sample that can completely SUbSt'tUte_ the end plate decides the
and to maximize the difference in the measured value. frequency of operation of such a cavity. For the measurement
of the samples of HTS thin films usually deposited on 10 mm

x 10 mm substrates, the cavities are designed at frequencies
greater tham-40 GHz. In [8] and [9], we reported measurement
of the surface resistance of HTS samples of dimensions smaller
. INTRODUCTION than the cavity end plate, by the partial end-plate substitution

HARACTERIZATION of high-temperature Supercon_technique at 10 and 20 GHz. In this method, the sample of

ductor (HTS) materials at microwave frequencies is ¢fdiusd(d < a) substitutes a circularly symmetric opening
considerable interest because it not only gives information ttthe center of the end plate of the cavity. The expression
is useful in the design of HTS-based passive devices, but it af§h €xtracting E, from the @ measurement is modified by
gives useful information to understand the conduction and eifparately calculating the losses due to the sample exposed
ergy dissipation mechanisms. The interaction of the microwalf the microwaves. A similar method of measurement is also
fields and superconductors is experimentally determined g§np!oyed by Silvaet al. [10] to measure the surface resistance
the measurement of surface impedadge=R, + iX,). The © B|:221_2 thin 1_‘|Ims of different areas by shadowing the
real part of Z,, R,, the surface resistance, characterizes tff@mple with a thin metal mask. Moreover, our method can
dissipated microwave power and yields information on trlSO be employed for th&, mapping to deduce the lateral
transport mechanism in superconductors. Technologic&ly, homogeneity over large-area HTS thin films using masks with
determines the quality of the microwave devices and circuféfferent circular openings on top of it. The laterally resolved
that can be fabricated using HTS material. The imaginary paft; measurement provides very important information for
surface reactanc,, is directly proportional to the magneticCO”tm' of lateral homogeneity of thin film deposition process
penetration depth. The temperature dependence ofA(T) [11]. ) .
provides a direct insight into the pairing mechanism of the IN this paper, we report laterally resolved surface resistance

superconducting state, when extrinsic effects are eliminated Meéasurement of YBCO bulk and thin films by the cavity res-
onator technique at 20 GHz. An expression to extractithe

value from the measured unloadédvalue of the cavity-con-
taining sample, having dimension smaller than its end plate, has
Manuscript received February 23, 1999. The work of M. Misra was supportgfben gbtained frorf'E,g11-mode electromagnetic—field config-
by the Council of Scientific and Industrial Research under aresearch felIowshiP . . . . .. .
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Il. CAVITY RESONATORTECHNIQUE smallest volume cavity hasBE,,,, mode for a giverf)y

and fo.
2) The electromagnetic-field configuration inside the cavity
with the TEy,,,, mode is such that the electric field is en-
tirely azimuthal with no radial component. As long as cir-
cular symmetry is preserved, no currents flow normal to
the cylindrical axis, thus allowing replacement of the end
plate without disturbing the current and electromagnetic
field distribution in the cavity.
TEy,, modes are axially symmetric, which makes them
suitable to use for studying the microwave properties of

Cylindrical cavity resonators have been extensively used for
measuring the microwave properties of an HTS. Two different
measurement schemes based on different principles are em-
ployed for this purpose: 1) perturbing the electromagnetic field
by placing the sample at the position of the maximum electric
or magnetic field inside the cavity, i.e., the cavity perturbation
technique [7] and 2) substituting the end wall of the cavity by
the sample, i.e., the complete end-plate substitution technique
[6]. In both of the techniques, the surface resistance of the )
sample is estimated from the change in the unloagedhlue
of th% cavity with and without the g';sample. The ?ﬁload@d HTS Fhin. films anq bulk samples by a partial end-plate
value ), is the figure-of-merit for assessing the performance substitution technigue. _ )
or quality of a resonator, defined as The resonance frequengy of the TEy;; mode in a cylin-

drical cavity resonator can be calculated from the relation
maximum energy stored in the cavity W,
Qo =27 — —— - =27f, — ¢ 1/2
average energy dissipated per cycle P, fo= 5 (a% + ag) (3)

wheref is the resonant frequendy;, is the total energy stored, )
andP; is the average power loss. In the case of a hollow cavifyherear = (r/L) andas = (xg1/a), xo1 = 3.8317 is the
resonator, power dissipates only due to conduction loss tﬁ&tt zero of the first derivative of the Bessel function of the first
arises as a result of finite conductivity of the cavity walls. Thkind and order zero.
dielectric and radiation loss are negligible compared to the con-
ductive loss, therefore), can be expressed as IIl. ANALYSIS OF CYLINDRICAL CAVITY FOR

END-PLATE SUBSTITUTION

1 1 B / 75|12 dS The quantitative analysis of th@Eg,;-mode cylindrical
Q_ = o /. — (1) cavity is well known and commonly used for measurement.
0 0 0/ |E|? dV However, for the special case of substituting a sample of
cavity

dimension smaller than the end plate, the field equations need
where R, is the surface resistance of the material of the walte be analyzed to evaluate the losses introduced by the sample.
of the cavity.s is the permittivity of the medium enclosed (freeAs the sample replaces the end-wall material symmetrically
space) by the cavity wallg., is the surface current for perfectlyfrom its center, the introduction of the sample in the cavity will
conducting walls and can be deduced from the component of thet effect the electromagnetic-field configuration or resonance
magnetic fieldd parallel to the surface of the cavity wall by thefrequency, which may happen due to the position of the sample
relation when not placed symmetrically inside the cavity.
o . Consider a cylindrical cavity of radiusand lengthZ whose
J,=nxH (2)  top end plate, cylindrical sidewalls, and bottom end-plate mate-
__rials have surface resistance values, R, andR,;, respec-
It}t'ively. The center of the bottom end plate is substituted by the
sample under investigation having radiug With surface re-
sistance valudi;sample, S shown in Fig. 1. The electromag-
(w/e)? = k2, + (p /L)>? neti_c—fi_eld_configuration of thél'Eg;; mode in a cylindrical
mn cavity is given by [12]
wherek,,,, = (27 /\,.,) is the appropriate cutoff wavelength, T (2 2y1/2 1/2 g1 :
is the veIocity(of I/ight, z)';mqb is the number of half-wavelengths Ee= L(al * %) az(p/e) " Jolazp)sinenz) - (43)
along the axis of the cavity. The modes of a circular cylindrical
cavity are characterized by the radial and azimuthal dependence H. = —a3Jo(aap) sin(ay 2) (4b)
of the longitudinal component of field. Generally, the cylindrical
cavities operating dl'’Eq;; mode have been extensively used __ ,
to characterize the HTS materials at microwave frequencies. H» = —ando(aep) cos(an z) (4c)
The cylindrical body being fabricated from a good conductor
or low-temperature superconductor (LTS) [7]. The selectionof & _
the TE¢1; mode for the measurement is made due to the fol- "~
lowing reasons. E,=0

1) Accurate measurement of surface resistance requires thefle =0 (4d)
value of unloaded quality fact@p, to be as high as pos- where.Jy(a2p) and.J{( 2 p) are the Bessel functions of the first
sible and the losses due to introduction of the specimé&imd and order zero and the derivative of the Bessel function of
should be measurable. In a right cylindrical cavity, théhe first kind and order zero, respectively.

where7: is the unit vector normal to the surface of the cav
wall. Modes of cylindrical cavity resonator of lengthare des-
ignated asl'E,;,,,;, o TM,,,, With
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7 where

12 1 1 ) s )
5 = 70 ﬁ 7(04% i a%)g/Q {20/ Qy + G/LOCQ} (9)

and

L _ 21 b e
S(d)  Zo a2L (a3 + a3)3/2 {d alﬁ(d)}- (10)

Here, G can be termed as the geometrical factor of the total
cavity andS(d) as the geometrical factor of the sample inside
the cavity. The surface resistance of the san#lg 1. can be

m T evaluated from the measured unloadgdalue@,, using (8) as
1 1 1
Rssam)e =\ — N~ Rscu S(d 11
o TR I EC
@ or using@,. (=G/Rsy), the measured unloadég value of
the homogeneous copper cavity

1 1
Rssam ple — |:Rscu - { — — —} S(d :| . 12
! QOC QOS ( ) ( )
Fig. 1. TE,;;:-mode electromagnetic-field configuration and RF current . . .
distribution at the end plate of cylindrical cavity resonator. The above relation gives the measure of the surface resistance of
the sample in terms of the measured unloage@lues of all the
The average energy storét, inside the cavity and ohmic COPPEr Cavityd.. and the cavity with a samplg,,. However,
lossP; in the walls of the cavity are obtained using (4); applyinéor HTS thin films, Kleinet al. [13] pointed out that the thick-

boundary conditions yields the general expression for the JHESS Of film(¢) compared to the penetration deg) is crucial
loaded quality factor),, of a TEq;;-mode cylindrical cavity to distinguish between the effective (measured) surface resis-

containing a sample as (see the Appendix) tance Rssample ar_1d the characteristic; (intrinsic) sgrface resis-
tanceR,.. of the film. The determination aof,. requires a cor-
12 1 1 rection in experimentally measurétlsa..pie Of the thin films.
Qos  Zo a’L (a3 + a3)3/? Hartemann [14] used conventional transmission-line theory and

5 o 5 5 o a two-fluid model to obtain a relation betweBg;, ., pie aNAR,.
' {a Bt + aliag Ros + d°ain(d) Resample and showed that for thickness of filta\, a film practically be-
a2 haves as a bulk material.
+d*al {; - n(d)} Rsb} (5)

IV. SENSITIVITY AND CAVITY DESIGN PARAMETERS

whereZy = +/po/20 is the impedance of free space and In this section, we shall discuss the dependence of sensitivity
2 2 of the measurement on the size of the sample as well as on the

n(d) = [M {1 _Z ']O(md)} + ']g(%d)} . (6) aspectratid2a/L) of the cavity keeping in mind that the HTS

Jo(aza) azd Ji(aed) J  J5(ena) thin films are usually deposited on a 10 nu1L0 mm substrate.

The above equation gives the unloadgdalue(,, of a cylin- In this discussion, we consider the following three cases:

drical cavity, containing a sample, in terms of its dimensions 1) complete end-plate substitution of tHEEq;;-mode

and the surface resistance values of its walls. Let us consider cavity by a sample of size 9.6-mm diameter;

the practical case that, except for the sample portion, all other2) partial end-plate substitution in which a sample of

walls of the cavity are made of copper having surface resistance  9.6-mm diameter concentrically substitute a portion of

R;cu, thenR,, = R,, = R, = R,.,. The unloaded) value the end plate of theI'Eq;;-mode cavity operating at
Q.5 Of the cavity containing a sample can then be written as 20 GHz;
1 59 1 1 3) laterally resolvedi, measurement of the HTS sample

by exposing different area of the sample to microwaves

T2 (a2 23/2 DY _ !
Qos  Zo L (o +a3) inside the cavity operating at 20 GHz.

. |:{2a2a% +aLai — d%ﬁn(d)}Rscu The measurement sensitivity of any resonant technique is pri-
marily determined by thé& value of the resonant structure and
+ d2a2n(d) Rssamlﬂe} 7 s d|rectl_y related to the dyngl_”n_lc range of t@evalue for the
change inRssample- The sensitivity of the measurement by the

cavity end-plate substitution technique depends on the aspect

ratio 2a/L, size of the sample, and surface resistance of the
1 Hl 3 L} R4 1 R } ®) walls of the cavity. One can expect that with a decrease in the

Qos G S(d) seu S(d) ssample surface resistance of the sample, th@alue of the cavity will

which can be simplified as
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increase proportionally an#.....pl. can easily be calculated 0.6
from the measured difference in thevalues of the cavity with 1
and without the sample. However, it is not the case; actually, tr
@ value of the cavity with a sample will increase only up to a
certain low value of?.,mp1e and, thereafter, it will tend to satu-
rate since the relative ohmic loss in the metallic part of the cavit
dominates and solely decides tBevalue. The?) value saturates
to aQuax Value, i.e., the) value of the cavity with a lossless
sample and can be expressed by substituling,p.e = 0 in

(8) as

lssale] oo

TheQ,,..x value depends on the geometrical factors of the cavit
and the samplel,.,, and the mode of the cavity. The depen-
dence of the dynamic range of tlig value for the change in
Rsample is reflected in the behavior df2,s — Q..|/Qoc @s

a function of Rysample/Rscw. Similar to the above discussion,
|Qos — Qoc|/Qoe initially increases and tend to saturate to a
value F'(d), which is defined as the figure-of-merit of the mea-

H(Qos-Qoc)/Qoch

] 1:8AR=2.00, = 41.45 GHz
surement [15], which can be expressed as ] 2:8AR =2.50, f=42.90 GHz
011 3:SAR =3.00, £ = 44.30 GHz
F(d) = |Qumax — Qocl/Qoe- (14) ] 4 AR a0, - s50 o
1 6:SAR =4.25, f=47.62 GHz
Increase in the value & (d) means an increase in the sensitivity 1
of the measurement, as for a large valud#l), saturation in 0 A A
|Qos— Qocl/ Qo Starts at the lower value of the,..umpie, Which 601 01 ! 10
gives better dynamic range of tiigvalue of the cavity for the Rasampie/Racu
change in the, .Value ofthe Sa"?‘."e [9]’ [15]' This wil l:)ecomeFig. 2. Theoretically computed normalized change in ¢hevalue |Q.. —
clearer as we discuss the specific case. Qocl/Qoe as a function ofR ,.amp1e/ Reew fOr a cavity of 9.6-mm diameter

for the range of the SAR < SAR < 4.25. The inset shows the change in

A. Complete End-Plate Substitution Technique F(d) and resonant frequendy; as a function of the SAR.

Considering the case d?, measurement of HTS thin films . ) .
deposited on a 10 mm 10 mm substrate, we evaluateg,. — the Iarggst vglue of SAR=4.25), which, for a 9.6-mm diam-
Qe /Qoc aS @ TUNCLION OR sampte/ Rscu fOr a sample of a fixed eter cavity, gives the resonance frequency @ftey;; mode at
diameter of 9.6 mm, which completely substitutes the end pldt&-62 GHz. However, this is at the cost@f. and@y,ax values

see Table 1), decreases significantly f¢ea/L)? = 4.25,

of the cavity. The analysis of a mode chart for cylindrical ca > :
ities [16] shows that for the square of aspect ratios (SAR's) fience, one needs to compromise in selecting the value of the as-

the range of2a/L)? = 210 (2a/L)? = 4.25, other modes are pect ratio and maintain a balance betwégwnalues andi’(d).

out of the vicinity of theTEo;; mode. Fig. 2 shows the calcu-1hUS: for théTEq;; mode of a 9.6-mm-diameter cavity, max-
lated |Qus — Qoel/Qoc s @ function ofRssampie/Reeu for a  IMUM value of the SAR would yield a maximum sensitivity limit

fixed cavity diameterda = 9.6 mm) andR,., value (at 77 K) of 13% of th_eRScu val_ue f_or a single end_—plate substitgtion.

for the range of the SAR2 < SAR < 4.25. It shows that The_ prapfuca! application for HTS microwave devices h_as
1Qvs — Quol/Q.. increases a§55a1111>1e decreases and tends t?€€N |dent|f|ed_ in the frequency range of 1-20 GHz. According
saturate to a valug(d) at a lower value 0f,,ampie With anin-  ©© the wo-fluid model [17], R, °2f superconductors scales
creasing SAR. This, infact, is due to the decrease in the loss cgHadratic with frequencyk, o w*). Experimentally, it has
tribution by the lateral walls of the cavity with the decrease iR€€N observed [18] that the exponenof &, o w* need not

the length of the cavity. Saturation occurs at loMEsumpte for necessarily be “2” for the HTS, rather it lies in the range of
a larger value of(d), giving larger dynamic rang'é i vélue 1.2-1.7. ltis, therefore, desirable to measure the characteristics

and, therefore, more sensitive measurement. The ultimate m@&he HTS by the system operating at the frequency of interest.

surement sensitivity will depend on the observable changg in
value with a fractional change iR;sample and can be roughly
estimated by the point of intersection of the tangents drawn onUsing a cavity resonator thB, measurement of HTS thin
the curve shown in Fig. 2. Table | shows the compubechlues films (10 mm x 10 mm) at low frequencies can be made by
of cavity, geometrical factordy(d), and sensitivity for different a partial end-plate substitution technique. In this method, the
SAR value. The insetin Fig. 2 shows the plotidfd) as a func- sample is embedded at the center of the end plate of the cavity
tion of the SAR. It shows that highest sensitivity is achieved fand has a circularly symmetric exposure to microwaves using an

B. Partial End-Plate Substitution Technique
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TABLE |

THEORETICALLY CALCULATED PARAMETERS FORCOMPLETE ENDPLATE SUBSTITUTION TECHNIQUE FORSAMPLE AT 77 K

(DIAMETER OF THE SAMPLE = 9.6 mm)

795

Geom. Geom. Lossfrom Q-valueof Maximum Figureof  Sensitivity
SAR f factor of factorof singleend the copper Q-value merit Resample/Recu
cavity  endplate wall cavity '
QaLY GHz (G S (%) Qoo Qunax F(d) (%)
200 4145 763.2 4248 17.97 20628.04 25145.75  0.219008 30
225 4218 751.9 3749 20.06 20145.99 25200.14  0.250876 28
250 4290 740.13 3367 21.98 19663.52 25203.79  0.281754 25
2.75 43.61 728.05 3065 23,75 19184.48 25161.19  0.311539 22
3.00 4430 71597 2820 25.39 18718.66 25088.35  0.340285 20
325 4498 704.03 2619 26.88 18266.84 24982.55  0.367645 18
350 4566  692.36 2450 28.26 17829.78 24853.18  0.393915 16
375 4632  681.02 2307 29.52 17412.35 2470528  0.418837 15
400 4698  670.07 2184 30.68 17011.61 2454101  0.442603 14
425 4762 659.54 2078 31.74 16631.38 24364.46  0.464969 13
= 2a = 0.1 uL/OU
N [ I
Microwave \} — — r\ Microwave
in —/ L — out

{
‘z
|

-+ 2 —»

ST

[ Copper [ESEEE Temperature Sensor

Sample owmasmms  Anpular copper mask

Fig. 3. Schematic diagram of partial end-plate substitution technique in
cylindrical copper cavity.

annular laminar mask (opening diameter2d) on top of it, as
shown in Fig. 3. We considered the opening diameter of 9.6 v
for the HTS thin films deposited on a 10 mm10 mm substrate
to prevent exposure of the edges of the thin film. Fig. 4 shov
the variation of,, — Q.| / Q.. as afunction o, cample/ Rocu
for 2 < SAR < 4.25 at 20 GHz for the sample of fixed diam-
eter2d = 9.6 mm. It shows thatQ,; — Q..|/@Q.. inCreases
as Rssample decreases and tends to saturate at laRigEmple
with an increase in the SAR value up to 3.5. Further increa
in the SAR reverses the trend and saturation begins at a hig
value of R, cample. The inset in Fig. 4 shows a peak I{(d)
near theSAR = 3.0, suggesting maximum measurement sens
tivity, although the dynamic range of thig value of the cavity
for change in the?, value of the sample is almost the same fo

HQos-Qoc)/Qoc!

the SAR between 3—-4.25. The difference between the behavior _ _ _
of F(d) in the complete end-plate substitution technique (insg§- 4. Theoretically computed normalized change in ¢healue |Q,, —

of Fig. 2) and this technique is due to thg.,, value that de-

0.08
0.06 -
3,4,5,6
2
1
0.04
0.02
1:SAR=2.00
1 2:sarR=250
3: SAR=3.00
4:SAR=3.50
5:SAR=4.00
6:SAR =425
0 e ! -
0.01 0.1 1 10
Rosample’Rscu

pends on the loss contribution by the sample area in the tofali) as a function of the SAR.

Qoc|/ Qo as afunction o ampie/ Rsew for 2 < SAR < 4.25 at 20 GHz
for the sample of fixed diamet@d = 9.6 mm. The inset shows the change in
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TABLE I
THEORETICALLY CALCULATED PARAMETERS FORPARTIAL ENDPLATE SUBSTITUTION TECHNIQUE IN A 20-GHz QwiITY AT 77 K
(DIAMETER OF THE SAMPLE (2d) = 9.6 mm)

Diameter Geom. Geom. Loss from Q-value of Maximum  Figure Sensitivity

SAR of factor of  factor of sample copper Q-value of
cavity cavity sample portion cavity merit Recample/Rocu
(2aly 22mm (G)'Q S@) ‘@ %) Qoc Quax F(d) (%)
2.00 21.10 763.17 14630 522 29695.33  31329.63  0.05503 45
2.25 21.50 751.94 13570 5.54 29258.37  30974.74  0.05866 42
2.50 21.79 740.13 12790 5.79 28798.83  30567.72  0.06142 40
2.75 22.14 728.06 12210 5.96 28329.18  30125.51  0.06340 39
3.00 22.42 715.97 11680 6.13 27858.75  29677.98  0.06530 38
3.25 22.75 704.03 11350 6.20 27394.16  29205.77  0.06613 37
3.50 23.02 692.35 11020 6.28 26939.69 2874568  0.06703 35
3.75 23.35 681.02 10840 6.28 26498.83 2827522  0.06703 35
4.00 23.66 670.07 10710 6.26 26072.76  27812.87 0.06674 36
425 23.98 659.54 10630 6.20 25663.04  27360.63  0.06614 37

conductive losses of the cavity. Inthe case of complete end-pli ¢ ¢
substitution, the contribution of the end plate in the total cor 1
ductive loss of the cavity increases with an increase in the SA ]
giving a monotonic increase in thig,, .. value. Whereas in the 1
partial end-plate substitution technique, the sample only su 0-5j
stitutes a central part of the end plate and, therefore, the Ic
contribution by the sample portion also depends on the curre
distribution at the end plate, as shown in Table II. Forkitg),; , 04 ]
mode, the region of maximum current density at the end pla 1
lies nearly half of the radial distance from the center, and tt

loss contribution by the sample area will significantly depenc =%

on the coverage of this region by it. In this particular case ¢ }\0'3 T8¢
a cavity operating at 20 GHz withd = 9.6 mm, the differ- H
ence in@ values (i.e.Qnax — Qo) iNCreases with increase in 5 —5
cavity diamete(2a) up to the value of 23 mm (f6§AR = 3.5) 0.2
due to an increase in the loss contribution by the sample p. = 1
resulting from the increasing strength of the current in the er 4
plate and, hence, in the sample area. Further increase in the 1
ameter of the end plate moves the region of maximum curre
density away from its center, and that reduces the coverage

04

L s e e e N

18 24

12
2d (mm)

the maximum currentregion in the sample area, resulting in loy j —) -
. ~ . —1
ering the Qmax Q_oc) va]ue. The analysis suggests that, for th 0 ] 1 2d= 5.0 mm, 90— 75 mm
cavity under consideratiotn = 22.42 mm andSAR = 3 will j 3:2d=10.0 mm, 4:2d=12.5mm
provide a maximum sensitivity limit (38% df...., value) with 4 5:2d=15.0 mm, 6:2d=17.5mm
an Optimquoc Value b 7 :2d=20.0 mm 8:2d=22.4mm
0.01 0.1 1 10
C. Laterally Resolved?, Measurement
RssarnpleIRscu

Laterally resolvedk, measurement of the HTS sample car.

be done by exposmg_the different a_reas of the _SamP'e.tO fﬂﬂg. 5. Theoretically computed normalized change in ¢healue |Q,,. —
crowaves through laminar masks of different openings inside tQe.|/ Q.. as a function 0fR..amp1e/ R.c.. for different areas of a sample
cavity, as shown in Fig. 4. However, by exposing sample arex@osed to microwaves inside the cavity The inset shows the chadg@ jras

’ . s ... ... afunction of the area of the sample exposed to microwaves inside the cavity.
that are smaller than the cavity diameter, the sensitivity is re-
duced due to the fact that a smaller percentage of the total cavity
surface area has been replaced compared to the complete esda function ofR.campie/Rscu fOr the different areas of the

plate substitution. Fig. 5 shows calculations@f; — Q../Q,. Sample 2d) exposed to microwaves inside cavity operating at
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TABLE Il
THEORETICALLY CALCULATED PARAMETERS FORLATERALLY RESOLVED SURFACE-RESISTANCEMEASUREMENT BY PARTIAL ENDPLATE SUBSTITUTION
TECHNIQUE IN A 20-GHz GwITY AT 77 K (0. = 27860, G = 716 (1)

Sample Geom. factor of Loss from Maximum Figure of merit Sensitivity
diameter sample sample portion Q-value Roemplo/Racu
2d’ mm S@ ‘@ %) - Qua Fd) %)

25 1.61x 10" 0 27859.92 0 100
5.0 113800 0.629 28036.32 0.0063 76
1.5 26220 2.731 28642.06 0.0281 60
10.0 10310 6.945 29939.11 0.0746 38
12,5 5602 12.781 31942.55 0.1465 32
15.0 3822 18.734 34282.24 0.2305 27
17.5 3099 23.104 36230.76 0.3005 22
20.0 2853 25.096 37194.36 0.3350 20
224 2819 25.399 37345.28 0.3405 20

20 GHz and having dimensioflg = 22.4 mm, L = 12.94 mm Measurements were carried out by complete end-plate substi-
with R,., = 25.7 mQ (at 20 GHz and 77K). It shows thattution for YBCO bulk samples (25-mm diameter), prepared by
|Qos — Qocl/Qoe INCreases afi...mple decreases and satu-the conventional solid-state technique, and for Ag-doped YBCO
rates at the lowef,ample Value with an increase in the ex-thin films on LaAlO; (10 mmx 10 mm) substrate prepared by
posed area of the sample due to increase in the loss contripulsed laser deposition technique [19] by partial end-plate sub-
tion by the sample. It is to be noted that the saturation value stftution. The dc transition temperatures of the samples were
|Qos — Qocl/Qoc iNncreases appreciably for the exposed areaound 90 K. The thin film was embedded in the bottom end
having the radius approximately greater than half of the rplate of the cavity and silver-coated copper mask of 9.6-mm
dius of the end plate, which is due to the increment in the covner diameter was properly placed on top of it, as shown in
erage of the maximum current area by the sample, as showig. 3. At theTE(;; mode, the microwave current flows along
in Table lIl. As seen from the table, the maximum sensitivitthe surface of the sample and there is no penetration of the mi-
limit, as expected, would be achieved for the complete end-plat®wave field from the edges of the mask. The annular mask
substitution and decreases as the area of the sample exposdirtugh which the sample was exposed to microwaves also acts
microwaves decreases. It also shows that, for the sample aas@ mode trap. The mask was properly aligned to maintain con-
<5.0-mm diameter, the loss contribution by the sample is almasntricity inside the cavity and to avoid any air gap to prevent
negligible and itis not possible to observe change ifdhvalue microwave leakage. The whole assembly after loading on the
due to the sample. However, Wosikal.[15] reported the mea- cryo-cooler was enclosed in a glass dome and evacuated before
surement of YBCO single crystals of 2.0-mm-diameter size pumping to reduce the temperature. Microwaves to the resonator
the partial end-plate substitution technique, but the cavity usark swept using an HP 8350 sweeper with an HP 83595 plug-in
for measurement was operated at 80 GHz. and the transmitter output is analyzed by an HP 8757D scalar
network analyzer. The unloadégivalue of the resonator is ob-
tained using the relation

QO — QL[]. _ 10—(IL/20)]—1

V. EXPERIMENTAL

Considering the?,; measurement of 10 mm 10 mm HTS
thin films, we selected the dimensions of tA#&,;;-mode where@, is the measured loade@ value (fo/Af) andIL
20-GHz cavity a®a¢ = 22.42 mm andL = 12.94 mm for is the insertion loss (in decibels) at the resonance frequency
(2a/L)? = 3. The cavity is fabricated in three modules, the, in the transmission mode, andlf is the measured 3-dB
circular top plate, cylindrical, and a circular base plate havirfgandwidth. The characteristic parameters were measured in
the same dimensions as the cold finger platform (40 mnthe temperature range of 20-100 K recorded by a calibrated
All parts of cavity are well polished and then silver plated toarbon glass resistance (CGR) temperature sensor fixed in
improve the surface smoothness. A mode trap in the form thie vicinity of the sample. To minimize error in the temper-
a groove in the top plate is designed to shift the degeneratieire measurements, an indium sheet has been used at the
TM;1; mode to a lower frequency. Microwave power couplingold finger—cavity interface. The laterally resolved surface
is achieved by SMA to waveguide adapter connection througesistance measurements of the bulk and thin-flm samples
diametrically opposite iris holes, of diameter 3.5 mm, at thsere carried out by exposing the sample to the microwaves
center of the lateral wall of the cavity. The waveguide coupleésrough silver-coated copper laminar masks of different inner
to the magnetic field of the resonant mode of the cavity througliameters. In addition, the cavity is carefully calibrated, with
iris holes. each mask, at each temperature point.
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Fig. 6. Measured unloade@ value Q,, and deduced surface resistance 2d (mm)

Risampie 0f @ YBCO bulk sample completely substituting the end plate ana
that of a YBCO thin film substituting 9.6 mm of the cavity end plate, as

function of temperature at 20 GHz. Eig. 7. Measured variation ¢, — Q.. ) and deduced surface resistance of

a YBCO bhulk sample with a different area of the sample exposed to microwaves
inside the cavity at temperatures 77 and 40 K and frequency 20 GHz.

VI. RESULTS AND DISCUSSION

Fig. 6 displays the typical temperature variation of the mesalue, which, for the bulk sample, is 74 K and that of thin film is
sured? value and the extracted surface resistafigg..1. fora 84 K.
YBCO bulk sample and a thin film at 20 GHz and in the tempera- Fig. 7 shows the change in the unloadggalue of the cavity
ture range of 20—100 K. The bulk sample completely substitutedntaining a bulk YBCO sample and the extracted value
the end plate of the cavity, whereas the thin film was measureddiythe sample as a function of the area of the sample exposed
exposing it to microwaves through a laminar mask of 9.6-mm dib the microwave inside cavity through laminar masks having
ameter. Both samples show a monotonic behavior albpvehe differentinner diameters. The laterally resolvégvalues of the
T, onsetand transition width measured fromfg7T") behavior sample ranges between (227 mQ) at 77 K and (141 m)
is almost the same as that measured by susceptibility measate40 K. Fig. 8 shows the change in the unloadedalue of the
ments. Inthe region beloW., the relative changes i, decrease cavity containing a thin film with respect to that of the cavity
and saturate to afinite residual value although the transition widtbntaining a copper sample and the extradidvalue of the
of the bulk sample is relatively higher than that of the thin filmsample at temperatures 77 and 40 K as a function of the area of
The surface resistance ofthe bulk sampleis 23.1mt77Kand the sample exposed to the microwaves inside the cavity through
20 GHz. This value oz, corresponds to 5.77%hat 10 GHz as- annular masks having inner diameters 5.0, 7.5, and 9.6 mm. The
suming quadratic frequency dependencBpandis comparable laterally resolved?, values of the sample for different exposed
to the best-reported value in a polycrystalline bulk sample. In theea ranges between (£6.12 ) at 40 K and (9.6:0.2 m2)
case of a thin film near the superconducting transitibre 7..), at 77 K. The relative measurement variation in the case of bulk
R, decreases sharply down to the temperature 55 K due to #ample is more than that of a thin film, which can be expected
rapid condensation of the normal electrons into superconductwigce the film surface is smoother than that of the bulk sample.
state. Between the temperatures of 55 and 4&kKdecreases Resonators are based on the idea that the change in the reso-
slowly, which is attributed to an increase in the mean free pathmdint frequency can be related to the imaginary part of the sur-
guasi-particles or corresponding reduction in the quasi-parti¢kee impedance, i.e., the surface reactakigg21]. In super-
scattering rate at arourifl./2 [20]. The lowest value measuredconductors X is directly proportional to the magnetic penetra-
is 1.6 nt} at 20 K. The measured sensitivity is important belowion depthA. Measurement of using the end-plate substitution
the crossover temperature wheétg,mp1e is lower thanthei,.,, technique has also been reported [6] in some cases. However,
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1000 12 mode for the measurement of surface resistance by an end-plate
] substitution method is restricted due to the strong radial currents
crossing the end wall—cavity interface. However, usitify;;

] . © ‘ .
800 1 S mode does not allow characterizing the materials as a function
] T T of the external magnetic field.
800 T é ¢ The other way of improving the sensitivity of measurement

is by replacing the copper cavity by a superconducting niobium
cavity whose surface resistance is much smaller than that of

700 i 8 copper. Considering the geometry of the cavity under discussion
] ) having a sensitivity of measuringssample Up to 20% of the
go0 ] | - B (Qos-Qoc) 40K) E R.cavity value will give the measurable limit of @2 of R.zample
1 | —®—(Qos-Qoc) (77K) 3 ; ;
3 1 O Rs(40K) [ & with the dynamic range of th@ value(Q, .. — Qo) 0f 9.8 %
9 500 O Rs(77K) g 2 10° for superconducting niobium cavity witR,x;, = 25 12 at
c} 1 T = 4.2 Kand 20 GHz. The disadvantage of using all of the Nb cavity
=~ ] for end-plate substitution is that the measuremenBQfmple
400 1 can be made only at or beldi#. of niobium, i.e., below 9.2 K.
] :4 However, Sridhar and Kennedy have made measurements of
300 L Rycample 10 higher temperatures using an Nb cavity through a
] different approach, i.e., the cavity perturbation technique [7].
200 [ The technique allows variation in the temperature of the sample
T Lo while maintaining the constant cavity temperature (4.2 K). How-

] & i i ever, the measurement is limited only to small-sized samples.
100 - =/ : Alternately, an all-HTS cavity can be fabricated either from a
1 bulk HTS cylinder or coating thick or thin films on the walls of a
— supporting substrate material [23]. The measurement sensitivity
4 5 6 7 8 9 10 inthe case of end-plate substitution would be improved provided
the R,..mple Value is lower than that of the host cavity so that the
2d (mm.) P : .
measured difference in thig value is measurable.

Fig. 8. Measured variation ¢fQ,. — Q..) and deduced surface resistance
of a YBCO thin film with a different area of the sample exposed to microwaves

inside the cavity at temperatures 77 and 40 K and frequency 20 GHz. An expression for thQ value of theTEq;; cavity has been
derived as a function of the dimensions of the sample substituted

it is pertinent that the change in frequency due to the size éfthe end wall of the cavity by solving the electromagnetic-field

fect and change in conductivity of the material of cavity be sulequations using boundary conditions. This facilitates the laterally

tracted to extract the change due to the sample. In the end-platsolvedr, measurement of the HTS samples. The sensitivity of

substitution technique, the observed change in frequency cotid measurement is evaluated for the case of complete end-plate

not determine the temperature dependencesifice the change substitution as well as partial end-plate substitution. A cylindrical

in frequency due to background is more pronounced. TherefolEs; ; mode copper cavity is designed and fabricated to measure

the measurement of; could not be included. the surface resistance of bulk and thin films of an HTS at 20 GHz
The sensitivity of measurement, by complete end-plate suly selecting the dimensions that yields maximum sensitivity for

stitution or partial substitution technique can be improved byneasurement of 10 mm 10 mm samples. The result of the anal-

1) increasingt'(d), which depends on the loss contribution bysis shows that complete end-plate substitution yields sensitivity

the sample portion and 2) using cavities made of supercdimit of 20% of R,..,, value. As the size of the sample is reduced,

ducting materials, which increases tfg,.. value, and sen- the loss contribution by the sample to the total cavity losses re-

sitivity improves due to the loweR,...iy value in the ratio duces and, consequently, the limit of sensitivity increases; for the

R ample/ Rscavity - Substituting both the end plates of the cavitgamples of dimensions less than a 5.0-mm diameter, it becomes

by test samples having simildt,..... Values would improve impossible to accurately determine tRe value of the sample

the measurement sensitivity. Taking the 20-GHz cavity, as digithin the possible measurements error.

cussed above, and completely substituting both the end plates

by samples the estimatdd(d) is 1.03, which shows a signifi- APPENDIX

cant improvement over the case where only one end plate of the DERIVATION OF THE UNLOADED ()-VALUE OF THE

cavity is completely substituted by the sample. Another possi- CYLINDRICAL CAVITY RESONATOR FOR THEPARTIAL

bility is to use higher modes of the cavity, e.G 12, TEo13, END-PLATE SUBSTITUTION OF THE SAMPLE

for which t_he .c.onductive losses in the end plate of the cavity The total energyV, stored inside the cavity can be expressed

are more significant than those for ti#&q;; mode [15]. Also, .

in a right cylindrical cavity, the& value of theI'My;; mode is

more sensitive to the surface resistance of the end plate than that 1 = |2

for the TEo1; mode [22]. However, the selection of tH&y;; We=3 6/mvity [Es]" av (A1)

VII. CONCLUSION
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a2

(d)} Rsb:|

2
=S 2i2c7,r(041+042) Y2 i 4
Qos 4 1 mpa?Lod(ad + o3)JG(aza)
A7)
using (4a) and integrating using boundary conditions where
1 p=a n(d) _ |:J1 (Oégd) {1 _ i Jo(OéQd) } + Jg(agd):|
W, = 3 pof 4+ a3)a; {/ Jo* (azp)pdp J3(aza) aad Jy(cad) J3(cwa) |’
p=0 (AB)
z=L >=27
. / sin?(ov ) dz / d¢ Substituting the values o, and P, from (A2) and (A5) in
z=0 ¢=0 (1), the unloaded) value of the cavity containing the sample
1 lue can be expressed as shown in (A7), at the top of this
W, =~ pra’L J A2) @ va P : P
LT g (0o + a3) a3 S5 (20). (A2) page. Solving (A7) yields

In a hollow cavity resonator, power dissipates only due to the
conduction loss that results from the finite conductivity of the

cavity walls and that of the superconductor sample. The total

power dissipation?; in the cavity is expressed as the power
dissipation in the walls of the top end platg, sidewallsP,,
metallic portion of the bottom end plafg,,,,, and the sample
P, as

1

Qos

21 1
"~ Zy a’L (of + a3)3/?

N |:a/204%Rst + aLagRss + dQQ%n(d)Rssample

taa? {d—2 o)} R (A8)

whereZy, = /u0/€o is the impedance of free space.

BIPt‘i‘Pg‘i‘Pbrn'i_Pbs' (A3)

The conductive power loss in the various parts of the cavity can
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p=a E;5=27T
2 2
st (¥ (Yo

be obtained by using (2) and (4) with proper boundary condbI
R .](;2(a2p)p dp /

tions as
/ g
p ¢=0
p=a z=L
+ = RSSCYQ ]0 o) / dp / SinQ(alz) dx
p= z=0

/¢ d¢]

1
P==
2 =0

d=27

=0

>=27
Rsb / o2 (cep)pdp / d¢
p= »=0
1 2 2 r=d 2 =2
+ 5 Rssample“l“Q / ']0 (CYQP)p dp / d(/)
p=0 =
(A4)

whereR,;, R,,, andR,,;, are the surface resistance values of ma-

terial of the top plate, sidewalls, and bottom plate of the cavity,

andR.ample IS the surface resistance of the sample substituting
the bottom end plate of the cavity. The solution of (A4) yields

1
P = 5 rad I3 (aga) [aQQ%RSt +aLla3R,, + d*af

1

+d2 @%U(d) Rssample:|

CL2

% D)} R

(A5)
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