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Abstract—it is well known that the boundary conditions of the where)y, is the London penetration depth. It is not difficult to
electromagnetic fields on the surface of a superconductor are in- show that for practical waveguide dimensions and for a temper-
fluenced by the field penetration into the material. In a series of atureT < T, (whereT,, is the transition temperature), equation

recent publications, it has been suggested that this effect substan- - : .
tially influences the wave propagation in high-temperature super- (2) yields substantially different cutoff wavenumbers to those

conducting waveguides, to the extent that the mode order becomes©Obtained from equation (1). For example, consider a cylindrical
different than that predicted for perfect conductor waveguides. In  copper waveguide at Ku-band with internal radius: 8 mm.

this paper, we present experimental investigation of this effect. We The lowest order mode in this waveguide is the; THith a
show that the effect of superconductivity on the wave propagation normalized cutoff wavenumbék.a);; ~ 1.84. Assuming now
” ~ 1.84.

in waveguides is very small for temperatures well below the tran- that th id de of ducti terial with
sition temperature and away from cutoff. We also discuss the be- at the waveguide was made of superconaucting material wi

havior of the waveguide near cutoff and very close to the transition @ typical penetration depth value= 0.2 ym, equation (2) be-
temperature. comesJ, (k.a) = 0. Therefore, the normalized wavenumber
Index Terms—Superconducting waveguides. for the TE, mode increases t:.a)11 ~ 3.83, while for the
TEp; mode itis reduced tfk.a)o; ~ 2.405. In other words, the
above theory suggests that the fundamental mode is switched
from TE;; to TEg;. Numerical solution of the transcendental
ROPAGATION of electromagnetic waves in hollow tubegquation (2) confirms this prediction (see [2, Table I]). Using
with normal conducting walls is usually described in terméhe same theory, other workers [3], [4] analyzed propagation in
of TE and TM modes. The boundary conditions of the eleé superconducting rectangular waveguide and came to the con-
tromagnetic fields on the perfect conductor surface restrict thkision that the Tl rather than the T is the lowest order
cutoff wavenumbers to discrete values only. For example, thde in the waveguide.
characteristic equation of a TE mode propagating inztue- The analysis proposed above, if true, has substantial techno-
rection in a cylindrical waveguide is given by logical and theoretical implications. As a result we designed an
experimental system to test its validity.

. INTRODUCTION

OH,
o = 0 = J(k.a)=0 Q)
,
where Il. EXPERIMENTAL RESULTS
r radial coordinate;

Tests were carried out on a 50 mm long Y-Ba—-Cu-O
L i b (YBCO) cylindrical waveguide which was fabricated at the
¢ cutoft wavenumber. . IRC in Superconductivity, University of Cambridge, Cam-

It is well known, however, that the boundary conditions on

: . gridge, U.K. The waveguide consisted of six disks, each of
high-T.. superconductor (HTS) are different from those on aP€5 3 mm inner diameter and 32 mm outer diameter. Large grain

fect conductor as a result of the field penetration into the sup§f-p._~,_g samples were processed in batches of four in a
conducting waveguide walls (Meissner Effect). In recent pub yurpose built thermal gradient furnace using a top seeded melt

cations [1], [2], it has been suggested that alternative bound Powth (TSMG) technique. This involved placing a small single
g:o_nditions_based_ onthe Mei§sn¢r Effect 'ea‘?' toanew Chafac /stal NdBCO seed on the top surface of each pressed pellet
istic equation which, for a cylindrical waveguide, may be written g heating the arrangement above the peritectic decomposition
asa temperature of YBCO. The partially decomposed sample was
H, 1 / then cooled below its solidification temperature and processed
or _)\_LHZ = (Fea)Ju(kea) + isothermally for 48 h to yield a single Zrain up to 58 mm in
() diameter. The samples were oxygenated in a separate process
Manuscript received March 22, 2001; revised August 3, 2001. The reviewid enhance their superconducting properties. The disks were
this letter was arranged by Associate Editor Dr. Arvind Sharma. ~~ then machined flat and a cylindrical tube of internal diameter
G. Yassin and S. Withington are with Cavendish Laboratory, University %6.3 mm was drilled uItrasonicaIIy at the center of each. The

Cambridge, Cambridge, U.K. ) ’ - ) ]
G. Jung, V. Dikovsky and |. Barboy are with the Department of Physics, Beflisks were finally re-oxygenated and the cylindrical waveguide

a waveguide radius;

a

Ar

In(kea) =0

Gurion University of the Negev, Beersheva, Israel. __was constructed by gluing the disks together with silver epoxy.
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Publisher Item Identifier S 1531-1309(01)09482-X. and found that it varied between 87-90 K. This ensured that

1531-1309/01$10.00 © 2001 IEEE



414 IEEE MICROWAVE AND WIRELESS COMPONENTS LETTERS, VOL. 11, NO. 10, OCTOBER 2001

Pr a0 e
200 ‘ 1.05 ::E,:;iﬁ';‘k"'":"
193 .118uperconducting .} i
190 ~40.85 Coostate: ~
185 DTS
180 ! B Ak
475 0.65 = Do
170 Z
165 5N i SV SO T UUNS SR -1 0 45 -
< 180 ﬁ‘ ¥\ e = 5
~ 155 A 1R . S 3
o 100 oy Ia\ .,,?‘ ....»f.‘...u.»{.-;f-ml.:- 03s 2 a oo R EEREE EERART VERERREE
2 145 LS e ! ¥ g conduet
£ 140 L f 006 % 9 state
\ . & S . State g
o ¥ * 4 2] 9 ol
S, 135 : { = 2
£ 130 ! 015 § 8 |/ 100 A
O 425 H o n_ﬁ.....v.... PN BEREN EREEE
& 420 i $ £ : D '
115 i ' 19% = asb i Y
110 i Temperature | i Do 1Y
105 ¥ 055
13(53 JL', Mg—* T i .~| I T T S T B
Koo 075 - .
20 ; M - Angle of observation (degrees)
85 o
80 i 095
8 165 17 178 18 18.5 Fig. 2. Power transmission through the YBCO waveguide as a function of
Time [Hr] temperature. The dips in the transmission curve coincide to the phase transition

from the normal to the superconducting state and visa versa.

Fig. 1. Radiation pattern of a corrugated horn fed by a YBCO cylindrical

waveguide which is either in the normal state (left side) or in the = | . . . .
superconducting state (right side). The solid line is the computed pattern fof@diation pattern without altering the detector position relative to

corrugated horn fed by perfect conductor waveguide. the corrugated horn. There was only a tiny change to the trans-
mitted power and the measured pattern was similar to the one
all the disks made the transition from the normal to the supéqj_@ta'ned when the YBCO was in the normal state, as shown in

conducting state when they were cooled to the liquid Nitrogdi9: 2+ We repeated the same experiment by removing the corru-

temperature (77 K). To investigate the dependence of the cu@@ted horn and connecting the YBCO section output directly to

frequency on the material state, we constructed a Ku-band trali& dettra]ctor via ahcwcular to regtangular transbltlon. A(\jgaln, only I
mission test system. A 50 mW Gunn diode oscillator excited!!"Y change to the transmitted power was observed as a result

the TE,, at 15.3 GHz in a rectangular waveguide. A commeP—fthe phase transition. Finally, we investigated the transmission

cial rectangular-to-circular transition was then used to launéy & function of temperature of the YBCO waveguide.

the TE., mode into the YBCO test section. This mode was then_| " Was done by adjusting the detector position to be on-line
fed to a conical corrugated horn of L§emiflare angle to ex- with the radiating horn (maximum transmission) and then grad-

cite the HE; hybrid mode. In this way, we were able to exploré*a"Y cooling.the_ YBCO waveguide. A selected result is shpwr_1
the field distribution in the YBCO waveguide by measuring thi®! Fi9- 2, which indicates that there was a sharp attenuation in

radiation pattern of the corrugated horn, when the YBCO Wérge\nsmistc,i'on #10 db/meter) as the YBCO Wa"egl,“de makes
either in the normal or superconducting state. the transition from the normal to the superconducting state and

We started our radiation pattern tests with the YBCO sectichra Versa:

at room temperature by measuring the power radiated by the

horn, in the far f!eld,_ as a function of the a_2|muthal artglé'he Il. DISCUSSION

resultis shown in Fig. 1 and compared with the far-field pattern

computed using Kirchhoff’s integration of the field distribution The results described in the previous section demonstrate
across the horn aperture (which was assumed to be equathi@t well below the transition temperature, the superconducting
that of a balanced HE distribution multiplied by the quadratic YBCO waveguide was able to transmit the ;TEnode without
phase error at the aperture of the horn) [5]. The measured anghificant attenuation. Neither the transmitted power nor the
computed results agreed well, as can be seen from Fig. 1. Bimape of the radiation pattern were altered when the YBCO
small discrepancies near the on-line directign=£ 0) of the waveguide became superconducting. This experimental result
pattern were caused primarily by standing waves between tantradicts eqn. (2), which predicts that the cutoff frequency
transmitter and receiver flanges. The quality of the measurefithe TE; mode in a YBCO HTS of this diameter is more
pattern, however, was sufficiently good to confirm that the patian~22 GHz (which is much higher than the frequency of our
tern was indeed radiated by the HEnode. Next, we cooled the transmitter). In addition, it is easy to see that the,TEhode
YBCO section by filling the cryostat with LN2. The temperatureould not possibly have been excited in the YBCO waveguide,
of the waveguide was monitored by three thermocouples cas eqn. (2) predicts, since the power carried by this mode
nected to the ends and middle of the waveguide and the phageild have been heavily attenuated in the horn throat, causing
transition was monitored by measuring the inductance of threebstantial reduction in the transmitted power. We, therefore,
coils which were wound around the middle and extreme disksonclude that the mode order in the superconducting YBCO
After observing the three disks making transition to the supeemained the same as in a perfect conductor waveguide, which
conducting state and the temperature reacki8 K we took a is determined by eqgn. (1).
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Close inspection of equation (2) explains its incorrect predic- Finally, we discuss the behavior of the YBCO waveguide at
tions. The equatiol(8H.)/(dr)) = —(1/\)H_ describes the temperature§” ~ T, as shown in Fig. 2. We clearly see that
exponential decay of the tangential magnetic field inside the ghe attenuation of the system has increasegb@ db/m as the
perconductor. Replacing . in this equation by the field of the system makes the transition from the normal to the supercon-
cylindrical waveguide at the boundary [as was done in eqn (2)licting state and visa versa. We attribute this effect to the ex-
assumes that both the tangential field and its normal derivatipected sharp increase in penetration depth near the transition
((0H.)/(dr)) are continuous across the boundary defined igmperature. Such an increase is predicted theoretically and has
the waveguide inner surface. This assumption is incorrec, hoatso been observed experimentally in various HTS systems. We
ever, since the normal derivativédH.)/(9r)) is, in general, would like to emphasize, however, that the result shown in Fig. 2
singular at the boundary. should be considered preliminary and needs further investiga-

To see how the parameters of an HTS waveguide really lsn using a waveguide with uniform transition temperature and
have, we use the usual method of first calculating the normeakystem with more accurate temperature control.
conductor quantities and then replacing the normal conductivity
oy, With the complex conductivity,. = o1 +ic2. The quantities V. CONCLUSIONS

o1, o9 can then be calculated from the Mattis—Bardeen equa- . .
We have demonstrated experimentally that the propagation

tions or the two-fluid model. Consider for simplicity the case . . L
of the TM,; mode. Well below cutoff, it is easy to show that Properties ofthe TR mode in a cylindrical YBCO HTS wave-
' ide are similar to those in a perfect conductor. We have de-

first order estimate of the change in the cutoff wavenumber agdyade : o . .
result of the finite conductivity is given by [6] rived first order approximation expression to support this ob-

servation. Our investigation, however, revealed that a different

Ak, 1 X behavior may be expected near the transition temperature and
ko =~ (x010) Zo near cutoff. In the first case, the penetration depth increases
rapidly as we approach.T which may cause significant and

where measurable change in the propagation constant. In the second
X,  surface reactance; case (near cutoff), the waveguide behaves as a cylindrical cavity
Z,  impedance of free space; and a small change in the propagation constant becomes mea-
ko free space wavenumber; surable as a result of a phase switch. In either case, accurate
xo1 cutoff wavenumber of the T mode. measurement of this change would lead to a new method of de-

This suggests that the fractional change in the cutqfrmining the penetration depthin HTS materials. Experimental
wavenumber is proportional to the surface reactanGgarification of this effect is in progress.

Since well above the waveguide cutoff and for <« 1T,

((Ak)/ (ko)) < (xo1a), this fractional change is very small.

Alternatively, we use the fact that the surface reactance is given

by X, = wuoAz and find that the fractional change is simply G- Yassin would like to thank BGU President Prof. A.

proportional to{(A1)/a), which is, in general, very small. This Braverman for supporting his visit to the Physics Department

result is not at all surprising and indicates that well below tHé BGU.
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