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Power Dependence of HTS Disk-Resonator
Quality Factor
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Abstract—The simple closed-form model of nonlinear response
of a high-temperature superconducting disk resonator on mi-
crowave power is proposed. The model is based on superconduct- 3 X
ing film nonlinearity and describes the dependence of unloaded T? E.(r) 1
quality factor on the incident power. The specified normalizing
power is used as the only fitting parameter. Good quantitative a5
agreement of modeled and measured data has been obtained. The - o
results observed exhibit the kinetic nature of the nonlinearity of
the disk resonator on an LaAIO; substrate at7” = 60 K and @
more complicated, presumably thermal, heating nature of the L0
nonlinearity at lower temperature. : ExKer)

Index Terms—High-temperature superconductors, modeling, Ho(k:r)
nonlinearities, superconducting resonator.

I. INTRODUCTION

E ,H o
HE rotational symmetric modeIMq;o) of a supercon- e \
ductor disk resonator is used to perform a high-quality

resonator [1], [2], particularly for increasing power-handling
capability of planar high-temperature superconductor (HTS)
filters [3]-[5]. The simple model of a nonlinear response
of an HTS transmission line and a microstrip resonator was -1.0 0 10
recently suggested and verified [6]. The goal of this paper is

to apply the model [6] to the HTS disk resonator in order

to obtain, in closed form, the dependence of the quality ®)
factor of the disk resonator with the modEMy;, on the Fig. 1. Elect/rical- and magnetic-field distribution in the circular disk res-
incident power. The phenomenological parameter used in (B forTMozo mode.

for modeling nonlinear properties of the superconducting film

can be extracted from the experimental data of [3] and [4], a¥{d'er®

R

some useful comparison can be done between the microwave k. = 3.83 )
nonlinear characteristics and the critical current of the film R
measured at direct current. H —E .[- kr ) 3)
m m '[,(,()l/LO
[l. FIELD DISTRIBUTION AND QUALITY FACTOR Jo(k,r) and Jy(k,r) are Bessel functions, and is the radius
OF THE RESONATOR IN A LINEAR APPROACH of the resonator.

Fig. 1 shows the field distribution in the resonator for the 1"€ current density is determined in accordance with (1) as
modeTMg10.t The field distribution is given by the following ]‘(r) = &pHy, - Ji(kpr). 4)
equations: The quality factor of the resonator in a linear approach is

E(r) =&.Ep - Jo(kyr) determined as follows:
= o 1207
H(r)y=&E,Hp, - Ji(krr) (1) Q= 9 (5)
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R is the surface resistance of the superconducting filwhere H, is a phenomenological characteristic of the nonlin-
and )\, is the wavelength in the free space. Integration in (&arity of the superconducting film. It should be stressed that
should be done over the volume of the resonator and over the phenomenological parametip is not directly connected
surface of the superconducting plates. The dielectric losswigth the critical magnetic fieldd.;. We do not discuss here
not taken into account. In general, the surface resistance th@ nature of the nonlinearity. The nonlinear behavior of the
depend on coordinates, which can be taking into account BY'S films can arise from a kinetic process, the microwave
the integration of functiorf (r, ¢) = R...(r, ¢)-|H(r)|? over heating can be considered as a competitive mechanism, and
the surface. We assume that the surface resistance is condtaniocal defects of the film can also influence the nonlinear

within the boundaries of the superconducting plates. characteristic of the resonator under microwave power [5].
Calculation of the integrals gives The parametef, comprises all possible mechanisms and is
h assumed to be extracted from experimental data. Now, we
9= (7) can calculate the power dissipation in the resonator, taking

0

into account the nonlinear increase in the dissipation. The
Next, we consider the quality factor determined by (5) as tig#ssipated power can be calculated upon integrating over the
unloaded quality factof)y;. It is useful to remind thaf);; can surface of the superconducting plates, as in (6), and with
be expressed by the ratio of oscillating power to dissipatégspect to time over the period of microwave oscillations [6].

power in the resonator As a result, one obtains
Poscil H72n
Qu =—H5—. (8) Piss, et = Puiss * [1 + K (13)
v Pdiss H(%
where
R
[Il. OSCILLATING POWER IN THE RESONATOR 3 / JE(kpr)r dr
Let us consider the resonator as a symmetrical two-port. R=g OR (14)
In this case, the reflection and transmission coefficients at / J2(kpr)r dr
resonant frequency can be found as 0
32 Calculation fork, = 3.83 yields
|Sll|2 — (QE/QU) :
(1+Qr/Qu) k= 0.189. (15)
1
|S12* = A5 0n/00 ) ) Now, taking into account equation (8), we can introduce the

effective unloaded quality factor of the resonator substituting
where @ is the unloaded quality factor of the resonatop,;, by P, s from (13)
determined by the geometry of the resonator and by properties

of the superconducting film, an@ g is the external quality Qu et = Q—DQ (16)
factor of the resonator defined by coupling the resonator with 14 2m
the external transmission lines. H?

The power dissipated in the resonator can be expresqggat can be rewritten as follows:
through the incident powér .P
Qu o 17)

Py :
dis 82— S = _2Qe/Qu) (10) Qu, est P,

. 32
Fincid (1+@p/Qu) where Pi1 is the oscillating power in the resonator with the
Then, using (8) and (10), we obtain a formula giving relatioamplitude of the microwave magnetic fiel,,, and P, is the
between the oscillating power in the resonator and the incideffective oscillating power, which would be in the resonator
power in the linear approach if the amplitude of the magnetic field i&,.

Pdiss — 2. QE
-Pincid (1 +QE/QU)2'

(11) V. EFFECTIVE UNLOADED QUALITY FACTOR

AS A FUNCTION OF THE INCIDENT POWER
IV. NONLINEAR DISSIPATION IN THE RESONATOR Returning to the equation for the oscillating power (11), we

Using the main idea of the model [6], one may describe tfgould replacey; in (11) by Qu, e Then, combining (11)
surface resistance of the film as a function of the alternati@§d (17), one obtains

field amplitude . P
ot S QQD =142 QS L)
H- cos® wt- Je(ker U, eff E o
B (7) = Rour,0 - |1 o = 12 <1 + —>
(7) 70 + Hg ( ) QU7 off

2The incident powet?, ;4 is determined as the available input power inFrorn (18), the effectlve unloaded quality faCt@Q et Can be
a 5042 transmission line terminated in a matched load. found as a function of”,.iq.
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Fig. 2. Dependence of effective unloaded quality factoe Qi .¢/Qu

on the normalized powep for different coupling. ()4 = 1 (1), 3 (2), 10
(3), 30 (4), 100 (5), 300 (6): weak coupling. (H)= 1 (1), 0.3 (2), 0.1 (3),
0.03 (4), 0.01 (5), 0.003 (6): strong coupling.

It is convenient to introduce the following notations:

Qu, et Qr Pincia
Z= " A=-"" = 19
Qu Qu P= "y (19)
where
Py
Py =—. 20
N =00 (20)

The introduced notations have the following sense:

z characterizes decreasing thf; . under the influ-

ence of the incident power;
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Fig. 3. Dependence of effective unloaded quality factor Qu, o /Qu
on the coupling parametet = Q /Q for different values of normalized
incident powerp =1 (1), 2 (2), 5 (3), 10 (4), 20 (5), 50 (6), 100 (7).

Fig. 2 shows the result of solution to (21), whete =
Qu,n/Qu is presented as a function pffor the cases of:

1) weak coupling of the resonator with the external circuits
(4 > 1) and 2) strong coupling4 < 1). Fig. 3 shows the
dependence ok = Qu .a/Qu on the coupling parameter
A for different values of the normalized incident powger
One may see from the figures that decreasing the effective
unloaded quality factor of the resonator under the influence of
the incident power sufficiently depends on the coupling of the
resonator with the external circuits.

VI.

The normalizing powelPy is determined by (20). As was
defined, the phenomenological paramdtgrcan be presented
as

THE NORMALIZING POWER

R
Py=3wpoHi - h-2r / J2(kpr)r dr (22)
0
which can be rewritten as
Py = 1207 H3 - i—” ~h-27R?-0.595. (23)
0
At the same time, one has
120 «h
r= - — 24
Qu Row M (24)
Combining (23) and (24), one obtains
Py, = T5Ra (HoR)?. (25)

A measure of coupling the resonator with the external

circuits;
P normalized incident power.

The normalizing powerPy will be discussed later. Using

the notations, (18) can be rewritten as follows:

1
- =142k " p- (21)

A
2
z
z

For a rough estimation of the normalizing power, we may
suppose that

HO = jc, vol * )\L (26)

where j. vo1 iS the volume critical-current density of the
superconducting film measured at dc, axgd is the London
penetration depth of the film. Equation (26) cannot be con-
sidered as well grounded from the physical point of view. It
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TABLE |
PARAMETERS OF THE RESONATORS [3], [4]
Resonator Resonator Resonator
No. 1 [3] No. 2 [4] No. 3 [4]
Radius R, mm 10.5 18.75 18.75
Dielectric thickness h, mm 1.0 0.5 0.5
Resonant frequency £, GHz 3.5 2 2
T, K 60 60 30
Q, (experimental) 60,000 89,500 880,000
L, (experimental) 3 4 1
Coupling parameter A 0.07 0.047 0.263
Nomalizing power P, as a 3.5 3.5 0.005
fitting parameter
1 i . 1 * | -
09 F 0.9
Q QU,eff 08 I
XUeff g - Qu
Qu
07
0.7 [
0.6 \
o 0.001 0.01
1
0.6 0.001 0.01 0.1 1 10 P
p Fig. 5. Measured (points) and simulated (solid line) data for resonator 2 [4].

Fig. 4. Measured (points) and simulated (solid line) data for resonator 1 [3]. Vil

reflects only the kinetic nature of the nonlinearity of the film. Let us use the results of measurements of characteristics
The dielectric loss was not taken into consideration thus faf the disk resonators on an LaAJGsubstrate [3], [4]. The
In the case when the dielectric loss is comparable with the Ig@arameters of the resonators are presented in Table I. The
in HTS conductors of the disk resonator, (21) may be usednmodeling characteristics (see Figs. 4-6) simulated by (27)
the following form: differs by coupling parameterd and dielectric dissipation
factor L, (see Table 1). The experimental results are presented

SOME NUMERICAL ESTIMATIONS

1 1+2k- A—LdQ p (27) in Figs. 4-6 in dimensionless form, using suitable fitting
z <1 + é) parameterd’y (see Table 1). The results of modeling are very
z close to the experimental results.
where
0 VIIl. DISCUSSION
Ly=1+ Q—S (28) The results of calculation of the nonlinear performance
D

of the resonators in a comparison with experimental data
Qs is the quality factor determined by HTS film parametergresented in Figs. 4—6 support the model proposed. The main
and calculated by (24), an@p is the quality factor arisen point of the model is the nonlinear description of the surface

from the dielectric loss in the resonator [5]. resistance (12) and the use of the normalizing power



VENDIK et al. POWER DEPENDENCE OF HTS DISK-RESONATOR QUALITY FACTOR

855

TABLE 1l
PERFORMANCE OF THEHTS HLMsS IN THE RESONATORS[3], [4]

Resonator Resonator Resonator

No. 1 [3] No. 2 [4] No. 3 [4]
T, K 60 60 30
Surface resistance of the YBCO 1.310" 4.410° 7.85-10°°
film R, Ohm
London penetration depth A, pm 0.23 0.23 0.17
Critical current j,, A/cm’ 1.51¢0° 2.510° 5-10°
Power P,, calculated by formula 4.13 3.845 0.015
(25), w
PN/PN,k 0.847 0.91 0.33

supports the idea that the source of the nonlinearity of the
HTS resonator under the high-level incident power is the
nonlinear surface resistance in form (12). The normalizing

0.9 i power Py = Py j used in the nonlinear equation (27) can be
estimated by the phenomenological magnetic figlg which
Q seems to be determined by dc parameters of the HTS films [9].
—Sﬂ 0.8 4 That means that the nonlinear performance of the resonator
U

arises from the kinetic effects in the HTS films.

For resonator 3 measuredft= 30 K, the model developed
_ does not fit the experimental results with high accuracy. The
ratio n is sufficiently less than 1. Using (25) as the definition
of the normalizing powel’y in the physical sense, one can
propose that the phenomenological paraméfgrand, as a
100 consequence, the critical current densjty are sufficiently

decreased at low temperature. It is difficult to find a reason for
this phenomenon in a framework of kinetic processes in the

Fig. 6. Measured (points) and simulated (solid line) data for resonator 3 [4iflm. A realistic explanation is the suggestion of a complicated
nature of this effect at low temperature. It is well known
that the thermal conductivity of dielectric substrates used for
HTS film growing is strongly temperature dependent [10]. The
thermal boundary resistance at the film/substrate interface is
also temperature dependent [11] and increases with decreasing
parameterPy is much smaller. temperature. As a consequence, the dissipated power in the res-

Let us evaluate the normalizing powery ; for three onator is significantly determined by thermal-flow propagation
experimental resonators using (25). The film parameigrs in the HTS film—substrate system. A deterioration of the heat
and j. are chosen as typical ones [3]-[5], [7], [g]L(0) = removing at low temperature leads to the HTS film heating
0.15 mm), the surface resistance for each film was extractadd changing film parameters. Thus, the higher sensitivity
from the experimental value of the unloaded quality factdo the incident microwave power at low temperature may be
using (24). The results are presented in Table Il. The last r@gcounted for by taking into consideration the thermal process
of Table Il shows the ratie; = Pn/Px . in the HTS film—substrate system.

Evidently, the ration for resonators 1 and 2 measured at The results observed exhibit the kinetic nature of the non-
T = 60 K is close to the unity. linearity of the resonator on an LaAl{Gubstrate ai” = 60 K

Good qualitative agreement between modeled and measuaed more complicated, presumably thermal, heating nature of
data for two disk resonators on LaAl@ubstrates df' = 60 K  the nonlinearity at lower temperature.

0.7

0.6

in (27) as a fitting parameter. The parametéts for two
different resonators measured ‘Bt= 60 K are roughly the
same. For the resonator measurediat 30 K, the fitting
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IX. CONCLUSION [9] B. A. Willemsen, J. S. Derov, J. H. Silva, and S. Sridhar, “Nonlinear
. . response of suspended high temperature superconducting thin film
The simple closed-form expressions allow one to evaluate microwave resonator,IEEE Trans. Appl. Superconductpl. 5, pp.
decreasing the unloaded quality factor of the high-qualri]ﬁ/ 1753-1755, June 1995.

t
: : " ] “Thermophysical properties of matter; The TPRC data series,” in
HTS planar disk resonator against the incident power. O %P Thermal Conductivity. Nonmetallic SolidsNew York: Plenum, 1970,

one fitting parameter”y is used. This parameter includes  yol. 2.
all mechanisms of the nonlinearity of the HTS film and cal1] A. V. Sergeev, A. D. Semenov, P. Kouminov, V. Trifonov, I. G.

. Goghidze, B. S. Karasik, G. N. Goltsman, and E. M. Gershenson,
be extracted from the experimental data. In some cases, the “Transparency of a YheCu;Or film/substrate interface for thermal

parameterPy can be estimated by the HTS film parameters phonons measured by means of voltage response to radiaBs.
including critical current density measured at direct current. ~ Rev. B, Condens. Mattevol. 49, pp. 9091-9096, July 1994.
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