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SUMMARY

The superconducting surface resistance of Pb,
In and In.QQPb,OB was measured between 1,5 K and 4.2 K
at low and high power levels in TEO11 mode cavities rfgonating
at 2.85 GHz, A residual surface resistance of 9,4x10 ohms
was achieved in the lead-plated cavity corresponding to a Q
of 8.3x109. It is shown that the microscopic theoretical
expression for the superconducting surface resistance adequately
describes the experimental results for Pb and In , both
type-1 superconductors, and for In.92Pb.08, a type-I1 super-
conductor, In lead and indium-~plated cavities, and if heating
effects are taken into account, the unloaded Q was observed
to be essentially a constant up to the RF critical magnetic
field BEF,where it abruptly decreased by a factor of 100 or
more, This transition is characterized by breakdown oscillation

phenomena, An BEF as large as 225 G for In and 750 G

for Pb was observed,

Measurements as a function of temperature indicated
that the RF critical magnetic field of In and Pb is in

agreement with the DC critical magnetic field,

The largest measured BEF (;;90 G) on the In-alloy
disc is a factor 3 smaller than the lower DC critical magnetic

field, B01(1.5 K) ~270 G .
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1, INTRODUCTION

It was experimentally shown that the microwave
surface resistance at low power of Sn and Pbl) - type-I
superconductors - and of sz) - type 11 superconducter - is
adequately described by the microscopic theory3). For Sn ,
high power measuremenﬁs indicated that the RF critical magnetic

field is consistent with the DC critical magnetic fieldl).

In the present work, measurements of the surface
resistance at low and high power were carried out at 2,85 GHz
on superconducting In and Pb layers and a massive In.92Pb.08-
alloy disc, The experimental data are in agreement with the
superconducting surface resistance calculated from the micro-
scopic theory including the effects of a finite electron mean
free pa.vl;hl_4 . Measurements on In and Pb layers at high power
levels, as a function of temperature, confirmed the results
reported by Turneaurel) for Sn : the RF critical magnetic field

for these metals is equal to the thermodynamic critical field,

One of the principal goals of this work was however
to compare the behaviour at high field levels of a type-I super-
conductor (In and Pb) and a type-II superconductor

(In 92Pb 08—alloy). Due to heating effects it was not yet
possible to obtain very high RF field values on the indimm-

alloy surface,

The first part of this report gives a description of the
measuring and cavity preparation techniques, A comparison
between the experimental data and the theoretical predictions
is given in the second part, High power level measurements are

discussed in the last section of this paper.



2, GFNERAL EXPERIMENTAL TECHNIQUES

2.1. CAVITY PREPARATION

The surface resistance measurements were carried
out on cylindrical test cavities resonating at 2.85 GHz in

the TE011
the current f{low is circumferential5 , the problem of making

mode (Fig. 1a). By choosing this mode, in which

good RF contacts between cylinder wall and end plates is
minimized, Furthermore, this mode is suitable for analysing
magnetic field phenomena since it has no electrical field on
the surface which can produce electron field emission or

dielectric losses,

The cavity consists of three pieces : a cylinder
and two end plates, At a fixed temperature, In and In.92pb.08
have a higher superconducting surface resistance than
Pb, Therefore, in order to reduce the dissipated power during
the high field level measurements, one end plate and the
cylinder wall are electroplated with lead, whereas the other
end plate is covered with In or made of In o,Pb g (vottom
plate in Fig, la).

The preparations of the indium and lead surfaces
(electroplating) differed from the indium-lead alloy (machined

from a single piece) and will be discussed separately.

2.1.1, Electroplated indium and lead surfaces

The three cavity pieces, made from HCOKOF-Copper
(Outokumpu, Finland) are separately electroplated and
subsequently assembled together with indium gaskets to be

vacuum tight.

The preparation of the copper substrate as well as
the lead plating technique has already been described in a
previous report7 . The plating solution and anode are
respectively commercial grade lead fluoborate and purified

lead (99.998 o/0),

The characteristics of the two indium electroplating

solutions used in these studies are summarized in Table I,



TABLE 1
COMPOSITION
Indium Fluoborate Bathx Indium Sulfate BathKx
Indium Fluoborate Indium Sulfate
108 g/t : 90 g/t
(In(BF)_*_) 3) (In2( SOI_’_) 3)
Indium Metal Equivalent : 33 g/t | Indium Metal Equivalent: 20 &/t
Boric Acid (H,BO,) : 25 g/t | Sodium Sulfate (Na,S0,): 10 g/t
Qﬁgog;u§ Fluoborate . 50 g/t
s
OPERATING CONDITIONS
Indium Fluoborate Indium Sulfate Bath |
Bath |
i
pi of the Bath 1.5 -« 2.0 2.0 - 2.5 ;
Bath temperature ~ 20 C ~ 20 C i
Current density 0.5 - 2.5 A/dm2 2 - 8 A/dm2 ;
Deposition time ~ 30 min, ~ 30 min, é
Anode In (99.99 o/0) In (99.99 o/0)
X "Baker and Adamson", Trademark of the General Chemical Div.

of Allied Chemical, N.Y., U.S.A.

k% Supplied by Caplain, Paris, France

The impurity content of the bath was measured (spectro-photometer)
for the ferromagnetic atoms iron and nickel. In general, the
indium sulfate bath contained less than 0.0l o/o of these atoms,

which is the detection sensitivity of the spectrometer,

The indium fluoborate solution however contained,
probably by accident, approximately 10 mg/¢ Ni%* and 0.5 mg/¢
Fe2+ atoms, Although no traces of nickel or iron were found in
the electroplated indium layer, the superconducting properties 6f
indium from the fluoborate bath are quite different from those

observed for indium from the sulfate bath (see Sections3 and 4).

After a layer of approximately 10 microns thick had
been deposited, the cavity components are removed from the '
solution, rinsed and dried. Precautions are taken during these

last two processes to avoid oxidization : rinsing in distilled



water which is then expelled by an oxygen-free dry nitrogen gas
jet and drying in vacuum, The cavity is assembled in a glove~box
pressurised with purified nitrogen gas., At room temperature the
pressure in the cavity is of the order of 10"5 Torr and the
electroplated surfaces were not subjected to additional

annealing processes,

2.1.2, Bulk In ,,Pb - alloy test piece

.92° 7.08
The choice of the indium-lead alloy for this study

was prompted by the fact that the metallurgy, critical temperature,
critical fields and other superconducting properties, had been

thoroughly investigated by Noto et a1.8) and Gygaxg).

Although an alloy containing lead less than 17 Wt o/0

11)

revealed an anomalous behaviour of this system in the superconduc-

is considered as a solid solutionlo), a study by Merriam

ting transition temperature and the lattice parameter at about
11 to 14 Wt o/o Pb, On the other hand, only alloys with a con-
centration above about 7 Wt o/o Pbs) show the sew nd-kind
superconductivity in the whole superconducting temperature range.
Therefore, an alloy containing 8 Wt o/o Pb (In.92pb.08) was

employed in the present investigation,

The polycrystalline specimen, prepared from In and
Pb of 99.99 o/o in purity, was supplied by Billiton, Arnhem,
Holland, Diameter and thickness of the test pieces are res-
pectively 137 mm and 7,6 mm, The surface was carefully
machined, cleaned and dried, but no special heat treatment or

surface polishing was carried out,

The In . Pb . ,-disk was attached to the copper

92" 7.08
bottom plate as shown in Fig, 1lb. The thermal contact was made

either by soldering (Wood's metal) the two pieces together

or by applying a light mechanical pressure, As it will be shown
later, further improvements are however necessary in order to
reduce the temperature increase of the In.92Pb.08—surface during

high power level measurements,



2.2, MEASUREMENT TECHNIQUES

The apparatus and experimental procedure adopted
is similar to that described in a previous report7 and
only a brief description as well as some relevant relations

will be given here.

Low temperature measurements are performed in a
nested glass Dewar or stainless steel Dewar system, and
temperatures between 4,2 K and 1.5 K can be obtained,
Measurement of the temperature is made by observing the vapour
pressure of the helium bath and checked by measuring the re-
sistance of a previously calibrated carbon resistor which is
attached to the cavity, The temperature is converted from
the pressure using the "1958 scale of temperatures"lz). A
magnetic shield (p~metal) immersed in the liquid helium bath,
cancelled the earth's magnetic field to better than

5 x 10-3 Gauss,

During the measurements the cavity is suspended ver-
tically by a thin walled stainless steel tube (f 120 mm), which
serves also as the pumping line to evacuate the cavity through
the coupling holes, The cavity is connected to the measuring
devices by two inner stainless steel tubes whose walls (1)
serve as the outer conductor of the coupling coaxial lines
(50 ohms) and (2) terminate in a small loop penetrating through
a cut-off tube in the upper end plate of the cavity (Fig. la).
The coupling loops do not protude into the cavity, but can

be withdrawn to adjust the coupling.

The surface resistance is experimentally determined
by a measurement of the unloaded quality factor, Qo , of the
cavity, In the geometry used (see Fig, la), the surface
resistance is related to Qo by the geometrical factor :

R - Q0 = 780 Ohms. The average surface resistance is given by :

R = 0,8565 Ry + 0,07196 (R> + Rs) (1)
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where R1, R=, Rs are the surface resistances of the cylinder

wall and the end plates, respectively,

The measured surface rcsistance (Rexp ) is equal
to the sum of a temperature dependent term (RT) which has
to be fitted with the theoretical value, and a constant term

which is the residual surface resistance (R « In our

res.)

TEOll mode cavities, with one end plate made of indium or

indium-lead alloy, the temperature dependent surface resistance

of these metals is given by

RT(In;In.92Pb.08): 6%67§[Rexp.(cav.)—Rres.(cav.)—O.928RT(Pb}} (2)

where R (cav.) and R (cav.) are the measured and
exp. res.
residual surface resistance of the whole cavity, and RT (Pb)

is the temperature decpendent surface resistance of lead,

The loaded quality factor, QL, was measured with
the decrement method using at high power a TWT-amplifier
(1 W, 10 W or 300 W) driven by the cavity 7 13). At very low
power levels (< 15 m) the measurement of QL was conveniently
performed with the independent generator technique using a
microwave signal generator Shlumberger Type FSO 1506 . In
order to avoid a coupling of the TE011 and TMlll modes, present
in the cylinder geometry of the cavity, a mode-trap is

installed in the bottom plate of the cavity (Fig. la).

The unloaded quality factor, Qo’ is determined
from the relation Q, = 9, (1 + B+ +B2) where By and £z
are the input and output coupling constants given by
Bt = Prad/Pc and f2 = Pt/Pc with P oag = radiated power,
Pc = power dissipated in the cavity and Pt = transmitted
power, The power dissipated in the cavity is calculated from
P = Pi - P -~ P, with Pi = incident power and Pr = the

c r t
power reflected from the cavity,.

These measurable quantities enable us to deduce
the RF magnetic field on the cavity walls., In the case of our

TE011

mode cavities, the peak RF magnetic fields, calculated
from the field distribution14) are given by :



1/2
Bmax= 3.411{10-3 (QoPc) on the cylinder wall (3)
and
-3 1/2
B .= 2.02x10 (QoPc) / on the end plates (4)
where B is in Gauss and Pc in Watt.

As can be seen, the maximum RF magnetic field on
the bottom plate is lower by a factor of about 1,6 than at

the centre of the lead covered cylindrical wall,

3. TEMPERATURE DEPENDENT MEASUREMENTS OF
THE SURFACE RESISTANCE

3.1, EXPERIMENTAL RESULTS

The unloaded Q of TE011 mode cavities was
measured at 293°K, 77°K  and in the liquid helium temperature
4

range, Typical values obtained are Q0 (293K)::1.2x10 and

q, (77K) = 3.6x10%,

In the liquid helium temperature range a
distinction has to be made between the indium layers obtained from
the sulfate or fluoborate electroplating solutions. Curve (a)
in Fig, 2 shows the Qo-variation as a function of temperature
for a representative cavity containing a bottom plate covered
with indium from the sulfate solution. These data were taken
at 2.85 GHz and at very low power levels, The critical
temperature of the indium layer was about 3,3 K. This value
has to be compared with the values reported in the literature,
Tc ~3.4 Kls).
1.7x106, corresponding to a normal state surface resistance

value for indium, Ry (4.2 K) = 6.4x10™° Ohms.

The Qo-value at 4.2 K was of the order of

For an indium layer from the fluoborate solutien,
Q0(4.2 K) was of the same order of magnitude but the Tc—value
was much lower, as can be seen in Fig, 2 (curve (b)). Without
going into a detailed analysis of this low Tc-value, we can

nevertheless refer to the presence of Ni and Fe in the electro-
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plating fluoborate solution,

16) the decrease of

According to Reif et al.
Tc(ch) as a function of Fe concentration (c¢c) in indium
is given by dI‘c/dc ~ -2.0 K/at o/o Fe. The measured
Tc-decrease ( ~0.9 K) corresponds to approximately
0.195 Wt o/o Fe or Ni in the layer. The total amount of ferro-
magnetic material, compared with In , in the electroplating
fluoborate solution is about 0.035 Wt o/o., This is still a
factor of 5 too low to explain the observed Tc-decrease
although it might well be that the Fe or Ni atoms are con-

centrated in a thin surface layer,

Except for a brief comment in Section 4.1.1, only
the results obtained on indium layers from the sulfate solution

will be analysed.

The temperature dependence of Qo’ measured at
2.85 GHz , for a representative TE011 mode electroplated lead
cavity is illustrated in Fig. 5. The unloaded Q rises from
g 2.3x108 at 4,2 K to ~ 8x109 at 1.5 K. The residual QO-
value, :'8.3x109, is reproducible and comparable with the values
measured in other 1aboratoriesl7). This reproducibility is
however only achieved by a careful treatment of the cavity
before, during and after the plating process, Moreover, it
seemed that ageing of the plating bath (2-3 weeks) may
substantially decrease the Qres.-values. The critical tempera-

ture of the lead layers has not been measured but may reasonably

be assumed to be equal to the value reported in the literature

(Tc(Pb) = 7.2 K).

Fig, 3 shows the Qo-data, measured at 2.85 GHz,
as a function of temperature for a TEO11 mode cavity containing
an In.92Pb.08-disc. The Qo-values at 4,2 K and 1.5 K are
respectively 61105 and 1.13x109. It follows that the normal
state low temperature surface resistance of the In'92Pb'08
specimen, RN(4.2 K) = 1.8x1072 Ohms, is about three times higher

than the value obtained for the indium layer, This corresponds



to a pronounced decrease of the electron mean free path in

the indium-lead alloy sample (See Section 3.2.3.).

The transition temperaiure of the sample,
Tc = 3.71 K, is in remarkable agreement with tg; value deréyed
from experimental data reported by Noto et al, and Gygax“/,
This indicates that even in a thin surface layer of our
sample, the concentration homogeneity is comparable

In goPb 45
with the bulk of the material,

3.2, COMPARISON BETWEEN EXPERIMDONT AND TITEORY

3.2.1, Electroplated indium

The temperature dependent term of the superconducting
surface resistance at a fixed frequency, f = w/2x = 2,85 Giz,
is a function of several parameters, They are, the electron
mean free path, £ 3 the Fermi-velocity, Vp the Londen

penetration depth, A the critical temperature, Tc’ and the

L’
energy gap 2A. The first three electronic parameters can be
calculated from low temperature normal-state measurements of

the surface resistance and the electronic specific heat,

The behaviour of metals at low temperatures and
microwave {requencies is described by Reuter and Sondheimer'sls)
theory of the anomalous skin effect, This behaviour is
charaterized by a dimensionless parameter « , which may be

expressed as

_ 3 1 3
« = e (pz) (£2)

where Ho is the permeability of the metal and p 1is the
normal state DC electrical resistivity, According to the
results published by Chambcrslg), the classical condition
holds for a« < 0,016 . In this case, the surface resistance

is given by

1/2
n, = | 3wl | (5)
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In the region o 2 3 the surface resistance for a mean free
path £ is adequately expressed by the following interpolation

formula

R = R (1+ 1.157 a—0'2757) (6)

where R is the surface resistance in the extreme
0

anomalous region (a - o) :

N
~J
"

1
2 2 1 _5 2 1
B = [ﬁw (£2) | w’(0e)*= 3.789x107°Tu*(pt) ]

Relations (6) and (7) are only valid for diffuse reflection
of the conduction electrons at the metal surface. In the
case of electroplated (I and Pb) or machined (In'gsz.OS)
surfaces this assumption is justified since specular
reflection has only been observed for very smooth and pure

surfaces,

With eqs (6) and (7) we are able to calculate

the mean free path £ if the pf-value is known., Although
of 1is a constant, typical for each metal and independent
of either purity or temperature, several experimental values,
differing by as much as a factor of 4 , have been reported
for indiumzo’ 21).

In order to bring the theoretical superconducting
surface resistance of indium into better agreement with the
measured data, the value of pf = 0.89)(10-11 Ohms - cm2
obtained by Robert522) from anomalous skin effect measurements
was choosen., With this pf-value and the measured normal
state surface resistance for In, RN(4.2K)=R£(4.2K) =

6.4x10-3 Ohms, +the mean free path of the indium samples is

of the order of 2.5x 10—5 cm, (The values reported by

Turneaurel) for electroplated Pb and Sn are respectively
-5 -5

!4.2K(Pb) ~ 7x107° cm and 14.2K(Sn) ~ 3.5x107° cm or

8x10 " cm).

The Fermi velocity, Vi) and the London penetration
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depth at OK , AL(O) , can be related to the normal state

. : 23, 24)
freeelectron parameters in the following way :

V., = (:naK: - ) l/ L \ (5

and

A (0) = ({,}77-\/ <peﬁ> (9

with K the Boltzmann constant, e the electronic charge
and Y the coefficient of electronic specific heat in the

normal state,

1f we substitute into eqs., (8) and (9) oz =
-11 2 _ -3 2 25)
0.89x10 Ohms.cn and vy = 1,7x10 J/mole-deg R
which is the average of caloremetric values reported by
2
Clement et al.“G) and Bryant et 31.27), we obtain vy =
7.44x107 cm/s and kL(O) = 3.1):10—6 cm, The value for Ve
is in good agrcement with the value reported by Markowitz et
28)
’ VF = 50
compared with the values reported respectively by Dheer” ),
- 2 -
lL(O) - 2,05x107° cm, Fassheim“g), AL(O) = 2,5x10 6 cH,

and Toxen30), kL(O) - 3.5x107° cn,

al, 7.2x10' em/s. The KL(O)-Value has to bhe

The expression for the coherence length, & ,

given by the B.C,S. theorygl) is :

éo = BVF/ ﬂA(O) (10)

If we substitute into eq. (10) , Vp o= 7.44X107 cm/s and

A(0) = 1.75 KTC, we obtain ¢, = 3.14}:10-5 cm, This value

seems reasonable if compared with the data reported by Dheerzo),
o = 4.4x107° cm, Fsthcing) , o = 2.0x10™° cm and
5

Toxenao), o = 2,6x107° cm,

With these material parameters the superconducting
surface resistance of indium has been calculated for diffuse
reflection of the electronsat the surface using a computer

32)

program written by Halbritter .
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Substituting into eq. (2) respectively

Rres'(cav.) - 5.6x10"" Ohms and the RT(Pb)-values measured

in a lead plated TE -mode cavity (see Section 3.2.2) we

011
are able to calculate Ry(In) from the measured R (cav.)
expe
values.
As shown in Fig, 4, where RT(In) is plotted on
a logarithmic scale as a function of Tc/T , the observed

temperature dependence as well as the absolute values of
the surface resistance at 2.85 GHz are in good agreement

with the predictions of the microscopie theory.

3.2.2, Electroplated lead

In the case of lead, with a Tc =~ 7,2 K, the mean
free path needed to calculate the surface resistance is less
well defined, cince the normal-state low temperature surface
resistance could not be measured. Nevertheless, we were able
to estimate £ by comparing the superconducting surface
resistance measured at 4.2 K with the theoretical surface
resistance calculated for different electron mean free path
values., (At 4.2 K the residual surface resistance is

negligible),

The besl agreement was obtained for a value of
the order of [ = 2x10_5 cm, This value seems reasonable
if compared with the crystal-size measurements performed by

Salatin 33) on electroplated lead surfaces.

For comparison with the experimental results, the

following parameters were used in the caleulation of RT(Pb) :

London's penetration deptih \L(0) = 2.81(10—'6 cm34), coherence
length &0 = 1.115x10_5 cm34), reduced energy gap at 0K ,
A(O)/KTc = 2,05 1, 35), critical temperature T, = 7.2 K,
electron mean free path /[ = 2x10™° cm.

The dependence of the theoretical Q-value
(R.Q = 780 Ohms) on temperature, calculated at 2,85 GHz
for diffuse reflections of the electrons at the surface, is

shown in Fig. 5 (dashed curve). The Q-variation as a
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function of temperature, derived from the theoretical values
by taking into account the residual Q -value (= 8.3x109) is
also plotted in Fig., 5 (full curve).

As can be seen, the agreement between the experimental

data and the theory for our Pb-layers is good.

3.2.3. Indium-lead Alloy

In order to know how dirty the specimen is, the
mean free path of the electrons is evaluated. Assuming that
the pf-value for 1In 9 Pb is the same as for 1Imn

-1, +92,0.08 .
(p£ = 0.89x10 Ohms.cm2), £ can be estimated from the
measured value of the low-temperature normal-state surface
. -3 .
resistance of In.92Pb.08 ’ RN(4.2 K) = 1.8x10"° Ohms. With
this high RN(4.2 K)-value, the classical limit formula
(eq. (5)) has to be used and gives a mean free path of the

order of 2.5x10'6 cm,

This value seems reasonable if compared with
£ ~ 4:.5::10-6 cm reported by Noto et al.s) and Gygaxg) for
well annealed and polished In 92Pb 08 samples,

The superconducting surface resistance of the
In-Pb alloy has been calculated, for diffuse reflection of
electronsat the surface, with the microscopic theoryaz). The
parameters used in the numerical calculation are the same as
for indium except the electron mean free path £ = 2.5x10-6 cm

and the critical temperature Tc = 3.71 K.

Using the same procedure as for indium, but with
Rres.(cav.) = 2.6x1077 Ohms, we can calculate the temperature
dependent part of the measured surface resistance of the alloy.
Values of RT(In.92Pb.08)’ plotted on a logarithmic scale as
a function of Tc/T , are shown in Fig. 6, The theory clearly
reproduces correctly, within the experimental accuracy, the
general form of variation of R (In.QZPb.OS) with temperature.

The agreement in absolute value is also satisfactory.
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4. THE CRITICAL MAGNETIC FIELD

We do not want to repeat the complete discussion
given by Turneaurel) on the RF critical field measurements
since the experimental problems as well as the observed

phenomena are comparable,

Therefore, besides the experimental results, only
a brief description of some interesting observations will be
given, The high-power measurements on In and 1“.92Pb.08
were performed in lead-plated TEO11 mode cavities with one
end plate electroplated with indium or consisting of the
indium-alloy disc, Since the DC as well as the RF critical
magnetic field of Pb (see below) is much higher than that
of In or the In-alloy, it is obvious that the measured data
will be completely determined by the properties of these

two metals,

4.1, HIGH LEVEL MEASUREMENTS AT 1.5 K

4,1.1, Electroplated Indium

The unloaded Q of a TEOll—mode cavity, measured
at 1.5 K as a function of the power dissipated in the cavity

Pc, is shown in Fig. 7.

Due to losses in the coupling system, the Qo-values
measured at low power levels are smaller than the value plotted
in Fig, 2a at T = 1.5 K, Up to Pc—values of approximately
20 Watts, and within the experimental accuracy, no change in
Qo was observed., This indicates that the surface resistance
is independent of the RF magnetic field for fields less than
the critical field of 1In, At higher power levels, Qo
decreases abruptly by a factor of the order of 100 (approx-

imately the normal state Qo-value) and breakdown oscillations
were observed, as illustrated in Photo 1, similar to those
reported in a previous paperG). The magnetic field at which
this instability occurs is called the RF critical magnetic

field, chLF i
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The observed phenomena are due to a sudden change
in the surface resistance, as a large portion of the indium
becomes normal conducting. The corresponding maximum magnetic
field on the In bottom plate, calculated with eq. (4) from
the measured Q- and Pc~va1ues is BEF = (225 + 10) Gauss,
This value, measured at 1.5 K, is in good agreement with the
DC critical magnetic field value, B, (1.5 K) = 225 G, for
bulk indium reported by Finnemore et al.ls).

The DC critical magnetic field of the indium
layers was not measured but it seems reasonable to assume
that this field corresponds with the value for bulk indium,
(The measurements of Turneaurel) on electroplated Sn-layers

are consistent with this assumption).

The high power measurements were repeated over a
period of one month without any notable change of the Qo—
or BEF- values, During this period the cavity was always
kept under a vacuum of about 10-5 Torr, but was repeatedly

temperature-cycled between 4.2 K and 300 K.

Finally, it might also be interesting to mention
the results obtained with indium from the fluoberate
solution (Tc = 2,3 K). The peak RF magnetic field measured
at 1.5 K was of the order of 90 Gauss. This value is
about 50 o/0 lower than the value calculated from the
relation B_(T) = B_(0) (1-(1/T )?) with B_(0) = 282 615)
and Tc = 2.3 K.

Although the experiment provides mno information
about the origin of this low B%F—value, it is interesting
to attempt a plausible explanation, If we assume that magnetic
impurities are present in the In-layer, the use of the Bc(O)-
value for pure In in order to calculate B (T) 1is no longer
justified. According to Makiaﬁ) the decre:se of the critical
magnetic field in the extremely gapless region is given by
B,(0) =B, (0) (1-a/a,). In this relation B_ (0) is the

critical field in the absence of impurities, a, = AO(O)/2
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is the pair-breaking parameter in the extremely gapless region
(2A0/0) = energy gap of pure metal) and « is the pair-
breaking parameter related to the shift in Tc by the following
expression, T -T ~ = -n/4 a (Tco = transition temperature
of pure metal). It follows that the critical field at OK

in the extremely gapless region is BC(O) ~ 75 G, The
corresponding value at 1,5 K 1is of the order of 2 lower
than the measured peak RF magnetic field, However, the impurity
concentration in the In-layer is certainly lower than the
critical concentration at which the superconductivity is
completely quenched (extremely gapless region), It seems
therefore quite plausible that the measured decrease of the RF
critical magnetic field is due to the presence of magnetic

impurities in the indium-layer from the fluoborate solution,

4.1.2, Electroplated lead

As shown in Fig, 8 , the Qo-value at 1.5 K of

a lead-plated TEOll
decreased by approximately a factor of 2 , The observed

mode cavity, measured as a function of Pc,

decrease is however reversible and probably due to heating of
the cavity walls which becomes important at power levels of the
order of 120 Watts, At higher Pc—values, Qo decreases
abruptly and breakdown oscillations were observed similar to
those reported for indium., The corresponding peak RF magnetic
field on the lead surface, calculated with eq. (3), is of the
order of 750 Gauss, This BEF value for lead is in good
agreement with the DC critical field value at 1,5 K reported
in the literature37). Although this critical RF field is, teo
our knowledge, the highest value obtained for lead, it is never-
theless still much lower than the superheating critical
magnetic field, The same observation is alse valid for the
measured BRF—values of indium (see Section 4.1.1,) and of

tinl).

4,1,3. Indium~lead Alloy

The unloaded Q of a lead-plated cavity containing

an In.92Pb‘08-disc, measured at 1.5 K as a function of Pc’

is shown in Fig, 9, At Pc-values of about 0.8 Watt Qo
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decreased to a value which is still a factor of 20 higher
than the normal state value., The corresponding maximum
magnetic field on the In-alloy bottom plate is about 17 Gauss,
This value is much less than the lower DC critical magnetic
field Bcl for In.92Pb‘08 which is 270 Gauss at 1.5 KB).
However, the temperature increase of the sample surface is
important due to the bad thermal contact between the He-
bath and the sample, the thickness of the In-Pb alloy disc

as well as the lower thermal conductivity of the alloyas) if
compared with pure indium, That heating effects are important
and probably limited the BRF-value for In.92Pb.08 could

be verified by performing high power measurements as a
function of pulse length., With microwave pulses of about

1,6 ms duration, which is the lowest value obtainable with

the actual measuring circuit, magnetic breakdown was only

observed at BRF-values of the order of 90 Gauss,

The experimental difficulties may eventually be
avoided by the use of a thin electroplated In-Pb alloy layer.
Preliminary investigations indicated however that, besides
problems with the electroplating bath, the homogeneity ef the
alloy is bad and difficult to control while the surface of

the layer is irregular and probably oxidized.

Further improvements in the experimental set—up
are thus necessary before a detailed study of BRF as a
function of material parameters, special metallurgical processes

and temperature can be made,

4.2, HIGH LEVEL MEASUREMENTS AS A FUNCTION OF TEMPERATURE

In order to verify the temperature dependence of the
RF critical magnetic field, measurements were made in the ligquid
helium temperature range on indium and lead electroplated

TE011 mode cavities.

The temperature in this region was kept comnstant
during a measurement by regulating the helium vapour pressure.
The temperature stability of the helium bath, controlled with

a carbon resistor, was better than 0.01° X at low power level
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measurements, The duration of the microwave pulses was
relatively short in order to prevent an excessive increase

of the helium bath temperature and eventually boiling,

4.2.1. Electroplated indium

Due to the low thermal conductivity of He-I a
distinction can be made between the measurements carried out
below or above the -point of liquid helium (Tk)' The
thermal conductivity of He-1I is high and since the maximum
RF power in the cavity is relatively low (Pcmax ~ 20 Watts)
it was not necessary to make a correction for the temperature
data in this region, The Q-values were constant as a
function of time (pulse length) which supports the
view that the power dissipated on the cavity walls increased

the temperature with a negligible amount.

The situation was more complicated above the
transition point of liquid helium, The measurements were

characterized by the following observations :

- at a temperature T > T\, the pulse-shape (Pt) was

distorted as illustrated in Photo 2 j

- a careful examination of the decay of the stored energy
in the cavity indicated that Qo changes in time

(see photo 2 and ref., 6).

Both phenomena clearly indicate a no longer
negligible temperature rise of the cavity walls and a tempe-
rature correction was necessary in this region., The temperature
of the cavity surface was estimated using a method proposed by
Turneaurel). The Qo-value at high power levels., measured
immediately after the incident power is removed, is compared
with the Qo-value measured at very low field levels. Since
Qo is approximately independent of the magnetic field until
the critical tield is reached, the temperature of the cavity
surface can be estimated. Fig., 10 shows the experimental
data for the RF critical magnetic field of indium as a function
of temperature, The solid line is the DC critical magnetic
field assuming that T _ equals the observed value (3.3 K)
and BC(O) = 282 G,
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The agreement between the RF and DC data is
very good below the A-point of liquid helium and near Tc,

where the incident power is low,

The agreement is less satisfactory in the He-~I
region where rather high power levels are necessary and the
estimation made of the indium surface temperature will be
less accurate, Nevertheless, it seems to us that there
are enough indications to conclude that the RF critical
magnetic field of indium is consistent with the DC critical
magnetic field, This observation is in agreement with
Turneaure'sl) results for tin and, as will be seen, is alse

valid for lead,

4.2.2. Electroplated I ~ad

Much higher power levels are needed, in the case
of lead, in order to observe magnetic breakdown phenomena.
Therefore, a temperature correction was also necessary in
the He-~I1 region, Measurements at very low power levels
and with the same coupling loop position enabled us to take

account of the temperature increase due to heating effects.

The maximum RF magnetic fields measured before

the magnetic breakdown in a TE lead-plated cavity as a

011
function of temperature are shown in Fig, 11,

The solid line is the DC critical magnetiec field of
bulk lead assuming that T = 7.2K and B_(0) = 800 Gau8837).
The correspondance between the RF and DC critical field
data is satisfactory and indicates that also for lead both

critical fields are consistent with each other,
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5, CONCLUSIONS

Measurements on superconducting S~band TEO11 mode

cavities made of indium -~ and lead - plated copper or contalning

an indium-lead alloy disc have demonstrated that :

1) The measured microwave surface resistance of a type I

superconductor (In and Pb) or a type II superconductor

(In ggPb 4
of the microscopic theory,

8) is in good agreement with the predictions

The surface resistance of In and Pb is independent of
the RF magnetic field, if heating effects are taken into
account, up to a magnetic field value which is comparable

with the DC critical magnetic field.

The same independency has been found for In.92P‘b.08 up
to a RF magnetic field level of about 17 G . This low
BRF value for the indium-alloy is due to heating effects
as indicated by high power measurements as a function of
pulse length, The maximum RF magnetic field, measured
with the shortest pulse length, was about 90 G, which
is still a factor 3 smaller than the lower DC critical
magnetic field, B = 270 G,

cl
The RF critical magnetic field BEF, of In and Pb as a

function of temperature is adequately described by the

thermodynamic theory of the DC critical field,

Exceeding the ecritical BRF value of In and Pb results
in an abrupt increase of the surface resistance up to the
low temperature normal state value, This transition is
characterized by magnetic breakdown and oscillation

phenomena,
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FIGURE CAPTIONS

Fig. 1

Fig., 3

Fig, 6

Fig, 7

Cross-sectional view of (a) a TEO11 mode
cavity (dimensions in mm) showing the coupling
system and mode trap,(b) the lower part of the
cavity with an In-Pb alloy bottom plate.

The temperature dependence of Q, at 2.85 GHz
for a Pb-plated TEO11
a bottom plate covered with In from the

(a) sulfate solution, (b) fluoborate solution,

mode cavity containing

The unloaded Q@ at 2,85 GHz as a function of
temperature for a TEO11 mode Pb-plated cavity
containing an In.92pb.08 disc,

The measured and theoretical surface resistance
of In at 2.85 GHz as a function of reduced

temperature,

The Qo-variation at 2.85 GHz as a function of

temperature for a Pb-plated TE cavity.

011
(x) = measured values; dashed curve = Qo(theory);

full curve = Q_(theory- Q (residual).

The measured and theoretical surface resistance
of In.gsz'OS at 2,85 GHz as a function of
reduced temperature.

Qo as a function of Pc, and the corresponding
peak surface RF magnetic fields on the In-layer

measured at 1,5 K.

Qo as a function of Pc, and the corresponding
peak surface RF magnetic fields for a lead

plated TE mode cavity at 1.5 K.

011
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Fig, 9 Qo as a function of Pc, and the corresponding
peak surface RF magnetic fields on the In-alloy

disc measured at 1.5 K,

Fig, 10 The temperature dependence of the RF critical
magnetic field of In measured at 2.85 GHz.

Fig, 11 The RF critical magnetic field of Pb at 2,85 GHz

as a function of temperature.

Photo 1 Typical pulse shape (Pt) during breakdown
oscillations, The horizontal scale is

0.1 s/div.

Photo 2 Typical Q-variation as a function of pulse
length, Short pulse Qo = 9.4x107 y Long
pulse Qo = 6.9x107 . The horizontal scale
is 0,05 s/div.
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