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INFLUENCE OF OXIDE LAYERS ON THE MICROWAVE SURFACE RESISTANCE
OF SUPERCONDUCTING NIOBIUM

Fred Lawrence Palmer, Ph.D.

Cornell University 1988

We have measured the influence of oxide layers grown at room
temperature on the microwave surface resistance of superconducting
niobium by comparing the quality factors of oxidized and unoxidized
cavities. We have also investigated the microwave and surface
properties that are altered when oxide layers are heated to temperatures
near 300°C. Auger spectroscopy was used to determine a procedure for
producing clean oxygen-free surfaces by ultra-high-vacuum firing the
niobium at 1100 - 1400°C. A special vacuum furnace was then comstructed
so that the 8.6 Ghz. niobium cavities could be fired at these
temperatures and then taken to a cryostat for testing without any
exposure to air. These cavities exhibited residual resistances of 6 -
12 nfl. Exposure of niobium to oxygen at room temperature is known to
create a ~15A thick layer consisting mostly of Nb205. This layer
changed the temperature dependent BCS resistance by less than 2%, and
changed the low temperature residual resistance by less than 1.5 nll.

Several cavities were heated to 325° for 10 minutes to demonstrate
that the “élean“ cavities were not contaminated with oxygen. Heating an

oxidized cavity causes the oxide layer to dissolve into the first -1000



A of the bulk metal. The resulting oxygen-rich layers had .20% less BCS
resistance due to the reduced mean free path, and had residual
resistances of 40 nfl or more. The "clean® cavities were unaffected by
heating, demonstrating that they were actually oxide-free.

Several other measurements were made on oxidized cavities that had
been heated to temperatures near 300°. The RF critical temperature of
these cavities was reduced by -5%; the energy gap was unaffected (¢1%);
and the dependence of residual resistance on ambient magnetic field
during cooldown was increased from -0.4ull/gauss to -1ufl/gauss.
Comparison of these cavities with the XPS data of Kirby et al. showed
that the increase in residual resistance did not correlate with the
presence of any specific oxide, but appeared to correlate with the

concentration of dissolved oxygen near the surface.
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1. INTRODUCTION

1.1 Description of the problem

¥Yhen a superconduétor is cooled below its critical temperature
(Tc), its DC electrical resistance drops immediately to zero, but, at
radio frequencies (RF - 108 to 1010 cycles per second), the resistance
never reaches zero. Instead, as the temperature goes below Tc’ the
resistance decreases rapidly as predicted by the BCSltheory.{l,Z} At
much lower temperatures, the observed resistance approaches some
constant value, while the theoretical value continues to decline toward
zero. This sample-dependent empirical constant is called residual
resistance or residual surface resistance, since, at high frequencies,
electrical current in any good conductor is always confined to a thin
layer near the surface. Known causes of residual resistance in niobium
include surface defects such as dust, inclusions, chemical residues, and
cracks or splatters from welds. Other likely contributors include grain
boundaries, strain from forming or machining, or more fundamental
mechanisms such as direct generation of phonons by the RF electric
field.

The principal goal of this thesis is to determine the contribution
of the native oxide layer to the surface resistance of niobium. Niobium
oxidizes very rapidly when exposed to room temperature oxygen or air,
forming a layer of mostly Nb205 that reaches 10 - 20 angstroms within

seconds, and then grows more slowly to ~-50 A after several days. The



contribution to residual resistance from this layer is particularly
important since its presence is almost unavoidable in many cases of

practical interest.
1.1 Applications of Low Surface Resistance Superconductors

Most applications and even most measurements of RF
superconductivity involve the use of resonant cavities. A cavity is a
hollow structure inside which electric and magnetic fields oscillate at
one or more specific frequencies. Lowering the surface resistance of a
cavity reduces the amount of power needed to maintain fields of a given
intensity in the cavity. It also improves the frequency stability and
usually increases the maximum field which can be obtained before the
cavity is driven into a normal (as opposed to superconducting) state.
Presently, superconducting cavities can be operated continuously at
fields of 5 to 25 megavolts per meter, while continuously operating
copper cavities are limited to ~1 MV/m, although copper cavities can
reach more than 100 MV/m for very short (10 - 100us) pulses. Potential
applications of superconducting cavities range from the most fascinating
to the most deplorable of human activities. Cavities are being
developed for use in particle accelerators for elementary particle or
nuclear research, for free electron lasers with possible application
ranging from neurosurgery to incendiary weapons, and for precision

timers with applications in basic research or for spacecraft navigation.



A) Accelerators

Historically, superconducting cavities were developed in order to
increase the efficiency of accelerators used in elementary particle or
nuclear physics. OCavities have been used‘in accelerators at HEPL
(Stanford), Stony Brook, and Argonne, and plans are underway to install
them at CERN (Geneva), DESY (W. Germany), KEK, (Japan), and CEBAF
(Virginia). Considerable effort is also underway to develop cavities
for a .TeV electron linac.{3} Assuming such a linac can be operated at
its optimum electrical field, then both the capital cost and the power
consumption are roughly proportional to 1/{fQ , where f is the
frequency, and § is the (dimensionless) quality factor of the cavities.
The quality factor is related to the surface resistance (R) by § = G/R,
where G depends only on the shape of the cavity. (For electron
accelerator cavities, G is usually 250 to 300 Q1.) At £Q = 1011 Ghz, the
cost of a 1 TeV machine would be around 5 billion dollars, and the
power consumption would be roughly 300 Mw. The optimum gradient, in
megavolts per meter, is roughly JfQ/lOgGhz, or 10 MV/m at fQ = 1011.
The values just listed for the gradient and f£{ are about a factor of 2
to 5 above what can presently be achieved in mass production, and the
costs estimates show that an additional factor of 10 in f§ (i.e. 10

times lower surface resistance) and a factor of 3 in the gradient would

be highly deslirable.

B) Free electron lasers
There is a small but expanding effort to use superconducting linacs

as injectors for free electron lasers (FEL‘s).{4} Although it is too



early to be certain what applications this device may find, it is hard
to make an comprehensive estimate that is completely encouraging. The
brighter side of the story was the subject of the 1984 conference on the
applications of free electron lasers.{5} Speakers at the conference
stated that FEL’s woula be useful for several kinds of spectroscopy and
for chemical catalysis, and that modest improvements in the treatment or
surgical removal of certain types of tumors could be realized.
Applications in fusion and uranium isotope separation were described as
less likely.

Even though, at the time of the conference, four out of five of the
operating FEL’s were at least partially funded by military agencies,
{4,6,7,8}‘there was almost no mention of possible military applications.
The principal exceptions were the isotope separation paper, and a brief
paper{9} which argued that FEL’s were better suited for pulsed radar
than for civilian communications. The void has been at least partially
filled by the APS study of directed energy weapons{10}. Although the
text of this study is rigorously confined to a discussion of unlikely
applications in ballistic missile defense, the graphs showing power
requirements and mirror diameters cover the range of activities that
incendiary weapons are presently used for. The report concludes that
additional research is necessary before the feasibility of ballistic
missile defense can be determined. However, their discussion implies
that devices that deliver several thousand watts per square centimeter
at distances of several miles can probably be built.

Since most of the RF power in a FEL injector is consumed by the

electron beam, the principal effect of using lower surface resistance



superconductors would be to increase the field strength and thus reduce

the size of the device.

C) Other applications

Many other applic;tions of superconducting cavities make use of
their excellent frequency étability.{ll} Superconducting-cavity-
stabilized oscillators have achieved stabilities of f/Af = 1015 or more,
making them useful as secondary time standards and for spacecraft
navigation. Superconducting cavities have also been used to measure the
loss tangents of very good dielectrics, and to detect extremely faint
microwave signals. Open resonators made from superconductors can be
used to measure mechanical motions of less than an angstrom.{12} These
devices may be used to make accurate measurements of the gravitational

constant or to search for gravity waves.
1.3 Description of Thesis

A) Research overview

The goal of this experiment was to measure the influence of oxide
layers on the microwave surface resistance of superconducting niobium by
comparing the quality factors of oxidized and oxide-free cavities. The
first step was to use auger spectroscopy to determine a procedure for
high-temperature removal of the oxide layer. We found that UHV firing
at 1200 - 1400°C for a few minutes was sufficient to produce a clean

surface if the niobium was sufficiently pure.



A cavity and furnace arrangement was constructed so that the cavity
could be heated to 1400° under vacuum, sealed with an all-metal valve,
and moved to a cryostat for testing without any exposure to air. Later,
the valve could be opened, and the cavity exposed to controlled amounts
of oxygen and retested.

Since it was found that exposure to oxygen affected neither the
residual resistance (*1.5nfl) nor the temperature dependent BCS
resistance (¥2%) of the cleaned cavities, and since the pressure inside
the cavity could not be measured directly, making it hard to assess the
contamination that occurred in between the cooldown from T > 1000° and
the cryotest, it therefore was necessary to find a way to determine
whether or not the cleaned cavities were actually oxide-free. The
technique of heating the (evacuated) cavities to 325°C for 10 minutes
was developed for this purpose. At this temperature, the surface oxides
decompose, and the oxygen diffuses into the metal, creating an oxygen-
rich layer which is a few thousand angstroms thick. This layer exhibits
a reduced BCS resistance and an increased residual resistance. Oxide-
free cavities were unaffected by this heat treatment, implying that the
"clean" cavities were covered with no more than one or two monolayers of
oxide.

Several experiments were done on cavities which had been oxidized
and then heated to better understand the oxygen-rich layers and the
processes by which they form. These experiments included measurements
of the BCS resistance and the residual resistance, as well as
measurements of the (radio frequency) critical temperature, the normal
surface resistance, and the dependence of the residual resistance on the

ambient magnetic field during cooldown.



B) Thesis outline

Chapter two describes the present state of knowledge about
superconducting surface resistance. It begins with a description of the
computer programs that have been written to calculate surfaée
resistances based on tﬁe BCS theory. A couple of approximate formulas
are also discussed. The next section describes experimental data, in
particular, some typical values of residual resistance, as well as the
minimum values achieved to date at several frequencies. Finally there
is a discussion of various known or possible causes of residual
resistance. The effect of oxide layers is deferred to the next chapter.

Chapter three discusses oxide layers on niobium. The primary
emphasis is on layers which are grown at room temperature, although a
description of layers grown at higher temperatures is included because
of the influence which this information has had on the study of room-
temperature oﬁidation. The effect of oxidation on the penetration
depth, the critical temperature, and on the tunnel junction
characteristics of niobium is also discussed. Several studies linking
oxygen to residual resistance are described. The chapter ends with a
summary of high temperature techniques for removal of oxide layers.

Chapter four is on experimental procedures. It begins with an
overview of the entire project explaining the motivation behind the
various experiments that were done. The remainder of the chapter
describes specific procedures and the associated apparatuses.

Chapter five contains the experimental results. It begins with
Auger studies which found a procedure for removing oxide layers from

niobium. Next there is a comparison of the residual resistances of



oxidized and unoxidized cavities. These data are also organized to show
separately the performance of chemical polished and UHV fired cavities.
The effect of ambient magnetic fields on the residual resistance is
shown primarily to estimate the errors induced by these fields, and the
effect of niobium puriéy on the BCS part of the resistance is shown.

The chapter continues with results from cavities where the oxide
layer had been heated to temperatures near 300C for a few minutes. This
procedure was first used to measure the amount of oxide on the inmner
surface of the cavities, but the results are interesting in themselves.
The dependence of these results on the temperature to which the layer
was heated was studied, as well as the effect of this procedure on the
RF critical temperature and the normal surface resistance. Data were
analysed carefully to see if the energy gap was altered by any of the
above procedures. All of these results are shown explicitly, although
no significant change was observed in any case. Next is an account of
XPS and other spectroscopic studies done by Kirby et al. on the behavior
of oxide layérs near 300 degrees, followed by a discussion which links
the spectroscopic data and the RF data in a coherent picture of the
behavior of oxide layers at these temperatures.

Chapter six summarizes the results of the thesis and discusses

unanswered questions and possible directions for future research.



2. SURFACE RESISTANCE

2.1 BCS Theory of Surface Resistance

Calculations of the superconducting surface resistance based on the
BCS theory{13} were done by Mattis and Bardeen{1}, who used the
formalism of the original BCS paper,{13} and by Abrikosov et al,{14} who
used the temperature-Greens-function formalism. Both calculations use a
momentum independent gap with a temperature dependence given by the BCS
formula. In either case, the surface resistance is a complicated
multiple integral that depends on temperature and frequency as well as
four material parameters: the mean free path,l; the fermi velocity, Ve
the temperature dependent energy gap, A(T); and the density of states at
the fermi surface, N. Computer programs which evaluate these
expressions were written by Turneaure and Weissman,{15} and by
Halbritter.{16} Turneaure used the Mattis and Bardeen result, while
Halbritter used that of Abrikosov. Since real materials do not
precisely follow the BCS formula, Ao/Tc = 1.76, both programs allow the
BCS formula for A as a function of T to be rescaled so as to give the
observed values of both the critical temperature and the zero
temperature gap. The two programs were compared by Wilson{l17} using
parameters for lead and for niobium; Their output is practically
identical over the range from 1.85° to 4.2° and from 1 to 11 Ghz. except
that Halbritter’s results are consistently 9 or 10 percent lower than

Turneaure’s.
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Experimental measurements of superconducting surface resistance are
in good agreement with calculated values over a wide range of
temperatures and frequencies.{15,16} Although most of the input
parameters for the programs cannot be independently verified to better
than 10%, the "standard" values given earlier along with a reasonable
estimate for the mean free bath may be used to predict the surface
resistance of niobium to within ~5%. Similar results can be obtained
with lead. Measurements have been made from less than 0.1 Ghz to more
than 10 Ghz without any significant deviation from theory, except at low
temperatures where the residual resistance dominates. Some data are now
available on the variation of surface resistance with mean free path,
and these results are also in reasonable agreement with theory.{18}

There are two approximate formulae for BCS resistance which are
frequently used in data analysis. The more accurate of these is the

"Pippard limit" (infinite coherence length and mean free path) formula

of Abrikosov:{2}

1/3 )
-k 1Vl w0

where Rn is the normal surface resistance. Both Wilson{17} and
Turneaure have compared this formula with computer calculations. They
found that, for T < Ao/4 and 1Ghz < f < 10Ghz, this formula gives the
"correct" temperature dependence to within -5%. However, the frequency
dependence is off by a factor of about w1/3, and the absolute value at
any one temperature and frequency may be off by an order of magnitude.
Another widely used approximation is the simple formula RBCS «

(l/T)'exp(Ao/T). For temperatures between A°/15 and A°/5, this formula
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gives the same temperature dependence as the Pippard limit formula * 2%,
except that a different value of the zero temperature energy gap must be
used in the simple formula. If a gap of 17° is used in the Pippard
limit formula, the simple formula requires a gap of 17.3° at 0.35 Ghz.,
17.8° at 8.6 Ghz., and i8.4° at 20 Ghz. The error increases to 10% if

the temperature range is extended to T = A°/4.
2.2 Experimental Data and Residual Resistance

Experimental data on the low temperature residual resistance have
been reviewed by several authors.{3,19,20} Common causes of residual
resistance include contamination layers or inclusions of normal metal or
lossy dielectrics, trapped magnetic flux, and cracks or splatters from
welds. Other features that are associated with surface resistance
include damage from machining, surface roughness, grain boundaries, and
oxide layers that have been damaged by heat or electron impact.

Residual resistances of 20 to 100 nfl are usually obtained with carefully
welded cavities made from good quality niobium that have been etched in
an acid mixture to a depth of a few microns, thoroughly rinsed and dried
in a dust-free atmosphere, evacuated, and cooled to cryogenic
temperatures in a magnetic field of less than 10 milligauss. Lower
residual resistances can be obtained by ultra—high—vacﬁum firing at
temperatures greater than 1000°C, or by anodic oxidation of the cavity
surface in a dilute solution of NH40H. (Anodiged cavities are not used
in high field applications because they are easily degraded by electron

impact.){21} The lowest reported value is 1.5 nll at 10.5 Ghz. The
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measurement was made in the TE mode of a cavity that had been machined
from solid niobium, chemically polished, ultra-high-vacuum fired at
2200°C, and assembled in a glove box with a dry nitrogen atmosphere.{22}
Values of -2nfl have been reported at 3.7 Ghz,{21} 1.5 Ghz,{23} and 0.1
Ghz.{24} The best resﬁlts are usually obtained with TE mode resonators
that have no electric fields perpendicular to the cavity wall. Residual
resistances for TM modes, which have perpendicular E fields are
typically a factor of two higher,{22,25,26} which suggests that lossy
dielectrics may be present in the cavities.

Many researchers have used thermometer arrays to measure the
spatial distribution of residual losses.{27} ‘The usual finding is a few
localized defects superimposed on a more smoothly varying background of
losses. The background losses tend to have maxima in both the high
current region and the high (normal) electric field region of the
cavity. The results tend to depend on details such as the orientation
of the cavity during rinsing and drying, but the losses in the high
electric field region are generally comparable to or greater than the
losses in the high current region.{28}

Although there is no frequency dependence in the best results
described above, measurements made in several different modes of the
same cavity show a frequency dependence of roughly wz.{26} In the next
section, we show that this frequency dependence may result either from a
very thin layer of metallic impurities, or from a layer of very lossy
dielectric. It has been proposed that the lack of frequency dependence
in the best results is just due to the fact that the lower frequency

cavities are larger, and are therefore more likely to contain one or
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more defects. These defects tend to cancel the w2 dependence that would

otherwise have been observed.{19}

2.3 Theories of Residual Resistance

While the BCS Theory predicts that the surface resistance goes to
zero at T = 0, experimentaily, the low temperature value always remains
finite. Since this residual resistance is frequently due to several
different causes, it is unlikely that any theory will reproducibly
predict its value in cavities which have been processed in such a way as
to minimize these losses. However, theories can help to separate and
identify the various mechanisms which are responsible for residual
resistance. Mechanisms which have been described theoretically include
normal conducting material or lossy dielectrics inside the cavity,
magnetic flux penetrating the cavity walls, and direct generation of
phonons by the electromagnetic field.

'Probably the most common cause of residual resistance is the
presence of normal conducting materials inside the cavity. These may be
either localized defects, or thin layers of normal metals or lossy
dielectrics. A few idealized cases are discussed below.

The simplest case is that of a large normal-metal defect whose
dimensions exceed the skin depth of the defect material. The observed
residual resistance will depend on the location of the defect, but, if
there is a uniform distribution of such defects over the entire cavity,
then the residual resistance is

[2.2] R=RF
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where Rn is the normal surface resistance of the defect, (pow/2a)1/2,

and F is the fraction of the surface area covered by normal metal.

For normal layers with thickness less than the superconducting
penetration depth, Xs’ the electric field in the layer will be roughly
the same as the field 5ust inside the superconductor. The (average)
power loss per unit volume in the normal metal is 0E2, where E denotes
the root mean square (rms) value of the electric field, which is related
to the rms magnetic field by E = Xst. The surface resistance, defined
by R = (P/A)'(,uo/B)2 where P/A is the power loss per unit area, is
[2.3] R = at)\szwz,uoz (&)
where t is the thickness of the layer. For "typical" values of 1/0 =
0.1 pll-cm, Xs = 300 angstroms and w/2x = 3 Ghz., R/t comes out to about
50 nfl/angstrom, which suggests that very thin surface layers can cause
substantial residual resistances. If the fraction of surface coverage,
F, is included, then this formula describes a uniform distribution of
small defects. Note that this result is smaller than the large defect
case (Eq. [2.2]) by a factor of 4X52t/63, where 0 is the normal metal
skin depth, (2/p°w0)1/2. Using our "typical" parameters with t = 300
angstroms, this is a factor of 1/250.

An unresolved question is the extent to which thin surface layers
will be driven superconducting by the proximity effect. This problem
was described by Strongin{29} in 1971, but it has attracted little study
since then. The calculation of McMillan{30} indicates that the surface
layer will superconduct with an energy gap which is less than that of
the superconducting substrate by a factor on the order of (1—t/§°),

where §° is the coherence length in the substrate. However, this
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calculation describes the energy spectrum of electrons that travel back
and forth between the superconductor and the normal layer. Since-
-especially if there is an anomalous skin effect--significant losses are
due to electrons travelling almost parallel to the surface, it remains
unclear whether or not the proximity effect can eliminate the residual
resistance of a normal layer.

Another possible cause of residual resistance is a layer of lossy
dielectric in the region of the cavity where there are large
(perpendicular) electric fields. The displacement current, Jd = eowE,
must pass through this layer, resulting in losses given by Re(xIJdlz),
where the impedance, y, describes both conduction and displacement
currents in the dielectric.

x_l = 0, + iwee

So the power loss per unit volume is

2
(e WE)7o,

P
v 2

79

+ (wee°)2

which is independent of w for a low-loss dielectric, but has a
dependence of w2 for larger values of oy The term "surface resistance"
is a misnomer in this case since these losses are not directly related
to the surface magnetic field, but an effective surface resistance for
the whole cavity can be obtained from the estimate, E = cB, which
relates "typical" electric and magnetic fields in the cavity.

; [ 1 ]
2 2 2
c o] + (weeo)

2

"O
R= () (7=
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where t is the thickness of the layer. (This estimate is obviously
invalid in a "TE" type cavity where the surface electric field is zero.)
In a typical 3 Ghz accelerator cavity, this loss mechanism should be

larger than the true surface resistance discussed earlier as long as

/oy > 1074

fim. Thesé losses will vary as w? unless 1/01 > ~10 fim, at
which point the 1ayef becomes a true dielectric with losses independent
of w. Note that formula [2.4], as a function of o4 has a maximum at 04
= wee_ ~ (10 ﬂm)—l. At this conductivity, a "dielectric" layer will
contribute on the order of 1 ufl residual resistance per angstrom of
thickness. This is at least an order of magnitude worse than is
expected from a thin metallic layer.

Perhaps the most thoroughly documented cause of residual resistance
is magnetic flux which is trapped in the cavity wall as it is cooled
through the critical temperature.{20} For type I superconductors, this
effect is particularly simple. Below Tc, the flux becomes concentrated
into tubes which remain normal due to the local magnetic field which is
equal to or slightly larger than the critical field, Hc' The radius of
these tubes is likely to exceed the normal skin depth of the metal, so
the surface resistance is just Rn(B/Hc)’ where B is the average field
penetrating the cavity.

The behavior of type II superconductors is more interesting. In
this case, the field breaks up into individual flux quanta, whose normal
cores are small enough to behave like "small® defects. (See equation
[2.3]; the thickness is replaced by another factor of Xs.) Conduction

losses in the cores are thus reduced by at least a factor of 100

compared to the type I values. The principal loss mechanism in type II
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superconductors appears to be the motion of the flux lines due to the
Lorentz force, J x 9. Gilchrist{31} has calculated losses from
dissipative forces encountered by the moving flux lines. The
dissipative forces were determined form DC measurements of flux creep.
He obtained tolerable agreement with experimental data (*30%), but it is
certainly possible that there are some other effects involved.

In many cases of practical interest, the preceding theory is
difficult to apply because it is hard to determine what fraction of the
ambient magnetic field actually gets trapped in the cavity surface.
Lyenis{32} found that the magnetic field contribution to residual
resistance could be reduced by an order of magnitude if the cavities
were cooled very slowly (..10-3 deg/min) in order to facilitate flux
exclusion. As a general rule, however, the observed magnetic
contribution is on the order of R = Rn(B/ch), in rough agreement with
the theory. For niobium at 3 Ghz, this is about 3 ufl/gauss. The
calculated frequency dependence isAwl/z, in good agreement with
experiment.{26}

Another possible cause or residual resistance is the direct
generation of phonons by the RF electric fields in the superconductor.
This effect has been studied theoretically by Halbritter,{33}

Passow, {34} Kartheuser and Rodriguez,{35} and Scharnberg{36} with each
author including additional effects or correcting the previous
calculation. The most recent calculations, due to Scharnberg, find less
than one nfl for frequencies less than 4 Ghz, regardless of the mean free
path. However, for the case of most relevance to this thesis, £=10.5

Ghz and 1 = 900 angstroms, Scharnberg finds about 3 nfl. This result
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decreases more or less linearly with mean free path, but the resistance
beg;ns to saturate for 1 > 1000 angstroms, and never exceeds about 5 nfl.
Experihents near 10 Ghz frequently give this same order of magnitude for
the residual resistance. (Values of less than 2 nfl have been
:eported,{22} but the aﬁcuracy is questionable and the mean free path is
unknown.) This theory might be more reliably tested at around 20 Ghz,
since the maximum residual resistance (at 1 = %) varies with w2.
However, the mean free path which is required in order to get close to
the maximum resistance increases with -w3 or w4, making it difficult to
use substantially higher freqnencieé. At 20 Ghz, residual resistance

measurements would probably have to be made at temperatures below 1.3°K.



3. OXIDE LAYERS

3.1 Structure and Growth of Dxide Layers

The oxidation of NB has been studied almost continuously for the
last several decades. No attempt is made here to summarize this vast
literature, but instead to point out only a few studies which relate to
the structure of layers grown at room temperature. Particular attention
is given to the possible presence of lower oxides, especially Nb0. This
oxide behaves like a normal metal (Tc = 1.38 K) with a resistivity of .2
4l cm at low temperatures.{37} The discussion begins with a brief
description of oxide layers formed at temperatures near 1000°C. These
relatively thick (~50 pm) structures were studied in the early 1960’s
and the results have significantly influenced and perhaps confused the
more difficult investigation of the much thinner ( < 100 angstroms)
layers that typically form at room temperature. The next section
describes studies of room temperature oxidation using X-ray
photoelectron spectroscopy (XPS), ultraviolet photoelectron spectroscopy
(UPS), and low energy electron diffraction (LEED). Finally there is a
brief description of properties of oxide layers that may be inferred

from tunnel junction characteristics.

A) High temperature studies
The oxidation of Nb at temperatures near 1000°C was studied by
Inouye{38} and by Hurleen.{39} Both authors heated pieces of Nb under

varying conditions of time, temperature, and oxygen pressure. Cross
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sections of the oxidized metal were examined under a microscope and
individual oxides were identified by a combination of chemical etches
and X-ray diffraction patterns. Figure 3.1, drawn from a photograph in
Inouye, shows a typical example of heavily‘oxidized niobium. There is
an outer layer of Nb205, followed by a nearly continuous layer of Nb02.
Below that are grains of Nbﬂland other lower oxides, some of which were
unidentified. The niobium metal within .50 pm of the interface contains
a few atomic percent dissolved oxygen. The structure of heavily
oxidized niobium reflects the process by which oxides grow on the
surface. If the hot metal is oxidized only briefly, the oxygen simply
dissolves into the bulk. Longer exposures at high temperatures result

in the successive formation of NbO, Nb02, and finally Nb205.

b bO Pb“‘g}'ho
Nb,O, NbO, N ew %
y 25 "2 | 1

\
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] 1 1 1
0481087-032

Figure 3.1 Profile of Niobium oxidized at 850°C from a

photograph in Inouye.{38}
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Although high temperature oxidation has served as a model for
interpretation of experimental data on layers formed at room
temperature, there are several aspects of room temperature oxidation
that are qualitatively different. One such feature is the role of
oxygen diffusion through niobium metal. Diffusion precedes the
formation of oxides at high temperatures; but, at room temperature, the
diffusion constant (extrapolated from values of a few hundred degrees)
is less than one square angstrom per day,{40} which virtually eliminates
this process. Another relevant process is the precipitation of Nb0 from
saturated oxygen-niobium solutions. Solutions of several percent oxygen
can be formed at temperatures greater than 1000°C, but at 600°, the
solubility is less than one percent. This can result in the formation
of grains of Nb0 when hot-oxidized niobium is cooled down to room
temperature, but this process cannot occur if the oxidized metal is
never heated.{41} A third feature of room temperature oxidation is the
formation of amorphous Nb205.{42} At higher temperatures, depending on
the details of temperature and pressure, one of several different
crystalline forms{43} of Nb205 will be created as opposed to the
amorphous form. All these processes suggest that oxide layers formed at

or near room temperature need not be similar in structure to those

formed at 800° or more.

B) Room temperature oxidation
Most of our present knowledge of room temperature oxidation comes
from XPS investigations,{44,45,46} in particular the study by Grundner

and Halbritter.{47} These authors studied niobium after oxidation in
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Figure 3.2 XPS spectrum of "typical® niobium oxidigzed at room
temperature from Grundner,{47} showing technique for detection

of lower oxides.

air, water, methanol, and dilute 3202. They found that all of these
oxide layers consist mostly of_Nb205. Layers grown in air reach a
thickness of 5 - 10 angstroms within a few minutes or less. The Nb205
layer eventually grows to 30 - 50 angstroms after several days. Wet
prepared oxides generally grow somewhat thicker during the first few
minutes, but aging in air eventually results in about the same structure
in all cases. Grundner also noted that the impaét of 1 kilovolt
electrons converted some of the Nb205 to Nb02, and that argon ions of

the same energy quickly replaced most of the N'b205 with a mixture of
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lower oxides. Unfortunately, XPS measurements cannot resolve
stoichiometries to better than a few percent. As noted in section 3.2A,
such a variation might have a substantial effect on the electrical
properties of Nb205.

Figure 3.2 , takeﬂ from Grundner’s paper, shows the difficulties
which are encountered in trying to "assess the possible contribution of
lower oxides" to the XPS spectrum. The figure shows the Nb 3d lines
from a "typical" oxide. The peaks corresponding to Nb metal and Nb205
are clearly visible, but the existence of lower oxides is inferred from
the modest discrepancies between the observed spectrum and a calculated
one. Several difficulties interfere with such calculations: Effects
such as localized charging, or photoelectron energy loss in the oxide
layer may play a role; the spectrum for amorphous Nb205 may contain
unexpected features due to the indefinite stoichiometry{48} of that
material; and, since there is always enough time for background gases to
contaminate the surface while the data is collected, no spectrum for
clean Nb metal is available as a reference. This last problem is
particulérly important since these studies refort negligible growth of
the lower oxides. The full amounts are already present on the cleanest
samples.

Grundner identified the lower oxides, Nb20, and Nb0 in his spectra,
vwhile Karulkar{45} and Sanz{46} found NbO and Nb02. In every case, the
average thickness of lower oxides is no more than 5 angstroms, which is
less than two layers of Nb0 molecules. Much of this signal could be due
to the mixed valence Nb atoms that must exist even at a "perfect"

interface between the metal and the pentoxide.
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C) Auger, UPS, and LEED studies

Several authors{47,49,50,51} have used Auger spectroscopy to
monitor the oxygen concentration. at the surface while the oxide layer
was sputtered away with an argon ion beam. Many of these authors have
reported transition regions as thick as 100 angstroms between the oxide
and the metal. Because of the damage which the argon beam does to the
surface, these results are only an upper limit for the thickness.

Ultraviolet photoelectron spectroscopy (UPS) and low energy
electron diffraction (LEED) measurements are sensitive to the first two
or three atomic layers on the surface. These techniques are useful
during the early stages of oxidation in order to look for the successive
formation of different phases which has been observed at higher
temperatures.

Lindau aﬁd Spicer{52} made UPS measurements on oxides grown at
temperatures from 23 to 700°C at pressures in the 10_7 torr range.
Exposures ranged from less than one Langmuir to several thousand
Langmuirs. (1L = 10_6 torr-sec -~ 1 monolayer of surface coverage.) At
room temperature, as oxidation progressed, the conduction band in the
metal was gradually replaced by a single energy level, indicative of
only one oxide. In contrast, at 700°, at least two distinct energy
levels were seen.

The results from LEED measurements are more complicated.{53,54,55}
When the (110) face is exposed at room temperature,{54} one pattern
appears after a few Langmuirs exposure, and additional features appear
after about 100 L. Both patterns, especially the second are

characterized by weak maxima and high background due to disorder. The
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first pattern probably corresponds to a simple surface coverage, while
the second pattern may be a true oxide. This second pattern could not
be found on any sample that had been heated above a few hundred degrees.
Additional coverage at room temperature resulted in deterioration of the
pattern until, after - 1000 L, it was nearly invisible. Exposure of the
(100) plane never produced any pattern other than that of the bare
niobium. The image simply became more and more diffuse with additional
exposure, indicating the formation of an amorphous oxide. It should be
pointed out that the (100) planes of Nb metal and of Nb0 are almost
identical in structure and size, so that this oxide would be hard to

_ observe, although the existence of three dimensional Nb0 was "not
proposed" by the experimenters.{563} Both faces showed seyeral well
defined structures at various stages of oxidation at higher
temperatures, but these structures cannot be assigned to specific oxides
with certainty. LEED measurements are capable of determining the type
of structure and the spacing for the top two or three layers of atoms.
It is not possible to determine the number or position of atoms within
the unit cell.

Both the LEED measurements and the UPS measurements suggest that
high temperature oxidation is a poor model for room temperature
behavior. Although some evidence for multiple oxide layers was found by
LEED measurements on the (110) face, the observed structures do not

correspond to that of any known oxide.
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D) Tunnel junction studies

The leakage current through tunnel junctions at voltages less than
the sum of the appropriate energy gaps is often cited as evidence for
the existence of a layer of NbD between the metal and the dielectric
Nb205.{45} Although caiculations{30} based on the proximity effect do
predict leakage due to a normal layer at the interface, the actual
relationship between these currents and XPS observations of lower oxides
is very undependable. Other factors such as carbon contamination and
the method of formation for the amorphous Nb205 seem to be equally
important. Accurate modelling of junction leakage usually requires a
theory with several adjustable parameters.{56}

Junctions formed by simple oxidation at room temperature have
attracted little attention because of their high resistance and their
tendency to short out. These two features in themselves, however, may
indicate that the Nb205 contains relatively few oxygen vacancies, and

that the surface coverage is very nonuniform.{57}

E) Conclusion

Niobium oxidizes quickly in air or water forming an oxide layer
that reaches 10 to 15 angstroms within seconds, and then grows more
slowly to -50 angstroms after several weeks. XPS measurements show that
this layer consists primarily of an oxide whose stoichiometry is roughly
that of Nb205. Lower oxides, if present, have an average thickness of
about one atomic layer. Since no LEED patterns have been seen except on
very lightly oxidized surfaces (< 10_3 torr-sec of 02), the layer is

assumed to be amorphous.
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3.2 RF Superconductivity of Niobium-Oxygen Systems

Oxygen has been suspected of limiting the quality factors of RF
cavities for a long time, although relatively little basic information
is available about the électrical properties of niobium-oxygen systems.
Much of the evidence linking residual resistance to the presence of
oxygen is subject to multiple interpretation. This section contains a
list of electrical properties of niobium containing dissolved oxygen and
of several niobium oxides, followed by a description of experiments in
which the RF surface resistance was altered by some process in which

oxygen played a role.

A) Electrical properties of oxidized niobium

The most obvious change which occurs when oxygen is dissolvgd in
niobium is the reduction in electron mean free path (1). This gives
rise to several changes in the electrical properties. The normal
resistivity increases by about 4.5 ull cm per atomic percent oxygen, {58}
which is frequently the dominant source or resistivity at low
teﬁperature. Mean free path values less than the coherence length (fo -
500 angstroms for Nb) cause an increase in the magnetic benetration
depth of superconductors.{569} [For 1 <K fo’ this relation is
approximately A = 400A(1/f°)_1/2.] Several authors{25,60,61} have
observed increased penetration depths in niobium that was heated in an
oxygen atmosphere, but it is unclear whether this is due to the mean
free path or due to the field "penetrating" into serrations created by

faceting or thermal etching which occurs during high temperature
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oxidation. Changes in the mean free path can also alter the BCS part of
the RF surface resistance by as much as a factor of two.{16} This effect
is discussed in section 5.2E.

Dissolved oxygen also reduces the critical temperature by 0.93
degrees per atomic percent.{62} The reason for this is unclear, but
comparison with the results for other solutes suggests that it is not
simply a mean free path effect.{63}

Niobium forms a wide variety of oxides under different conditions
of temperature and pressure.{43} The most common of these are NbO, Nb02,
and NbZDS' Nb0 is a metallic oxide with a low temperature resistivity
of around 2 pfl cm., and a critical temperature of 1.38K. NbO2 is a
black oxide which has a resistivity that is many times higher than that
of NbD, and which has no superconducting transition. Two phase mixtures
of Nb0 and Nb02 have roughly the same critical temperature as Nb0, which
suggests that Nb02 is either an insulator or a semiconductor.{37} Nb205
is an insulator which occurs in several different crystalline and
amorphous forms. Studies of anodic oxides provide some information
about the amorphous forms. Thick ( > 1000 angstroms) layers of
amorphous NBZO5 can be formed by anodization in a wide variety of
solutions.{48} The exact stoichiometry and the dielectric constant
depend on thg choice of solution and the temperature. Anodic Nb205 is
usually a few percent deficient in oxygen and has a dielectric comstant
between 20 and 60. Oxygen vacancies have significant effects on some
crystalline forms of Nb205, causing it to become an n-type semiconductor

with a dielectric loss tangent as large as one at 108 Hz.{64,65}
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B) RF experiments

Although heretofore there have been no direct measurements, results
reported in the literature provide an interesting collection of hints as
to whether or not ordinary oxide layers grown at room temperature should
be expected to contribu£e to residual resistance. Evidence pro and con
is summarized below.

Perhaps the best known evidence indicating that oxide layers may
cause residual resistance is the fact that UHV firing at 1800°C or more
very frequently causes substantial improvements in the quality factors
of niobium cavities.{22,66} While this procedure does remove the oxide
layer, at 1east temporarily, it also causes other effects such as grain
growth, bulk purification, stress relief, and removal of contaminants
such as hydrocarbons and some particulates.

An interesting example is the work of Cepperly et al.,{87} who
fired re-entrant 430 Mhz cavities at 1800°C, sealed the cavities under
vacuum, and then tested them without exposure to air. They frequently

10

obtained §’s in excess of 107", which corresponds to residual

resistances of less than 10 nl. In one series of tests they exposed the
cavity to air, which lowered the § to -109. Unfortunately, this large
reduction was probably due to dust. Firing at 1000* did not improve the
cavity, and firing at 1800° only brought the § up to 6 x 109.

Evidence that oxide layers are not responsible for residual
resistance come from the improvements in §’s that have been achieved by
anodizing. Anodized cavities are covered with layers of amorphous Nb205

on the order of 1000 angstroms thick, and they exhibit an energy gap

that is typically 10 percent lower than expected,{21} which, according
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to McMillan’s calculations of the proximity effect, could be due to 8
~60 angstrom thick layer of Nb0.{30} Anodized cavities can have Q’s that
are as high as those of fired cavities, but their performance is
degraded by electron impact or by UHV bakeout at 100°C.{21,68,88} As
noted in the previous s;ction, both of these processes probably convert
some of the dielectric szﬂs to conducting lower oxides.

Giordano et al.{25} attempted to measure the influence of bulk
oxides on cavity performance by firing 8.6 Ghz cavities at 2100°C in an
atmosphere whose oxygen pressure varied from ¢ 10—8‘torr to 107 torr.
The steady state concentration of dissolved oxygen under these
conditions varies from one half of one percent to less than 10_3 atomic
perceht.{70} Unfortunately, the cavities were then cooled to room
temperature in the same oxygen atmosphere. It is difficult to guess how
severely this may have oxidized the surface. The cavities that were
fired in the best vacuums had residual resistances of about 30 nfl, while

the oxidized cavities usually had about twice that amount.
3.3 High Temperature Removal of Dxide Layers

Oxygen is the most tenacious of the common gases that contaminate
the surface of niobium. Nitrogen will cover the surface with only a
single monolayer which can be removed by heating to less than 1000°C.
Contaminants containing carbon, such as solvent residues or CO, usually

disappear upon heating to 1000* or less, although they may leave oxygen
behind. {71}
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The problem of surface oxide removal is closely linked to the
problem of bulk purification. Most papers describing the preparation of
clean niobium surfaces recommend heating to temperatures between 1800°
and 2400°C.{71,72} At these temperatures, oxygen escapes from the bulk
metal as NbO vapor.{70}. However, niobium purification can now be
accomplished more easily{73} using solid state gettering techniques
which were initially developed for Vanadium.{74} While oxygen is rarely
seen on the surface of hot niobium above 1800°C, grains of Nb0 will
precipitate to the surface if the bulk concentration exceeds one half of
an atomic percent unless the metal is quenched very rapidly. At lower
bulk concentrations, oxygen may precipitate to the surface, but the
resulting layer will not be more than a single monolayer thick.

The ratio of surface coverage to bulk concentration at elevated
temperatures has been examined by several authors, using a simple model
to analyze the results. Pasternak{75} used an indirect measure of the
sticking coefficient to measure surface coverage, while Farrell{71} and
Hofmann{560} used Auger spectroscopy on the (100) surface and on a
polycrystalline surface respectively. The surface is assumed to consist
of independent sites which are either occupied or unoccupied. The
fraction of occupied sites is 6. Oxygen leaves the surface and goes
into the bulk at a rate kf where k is 2 temperature dependent constant.
The rate for the reverse process is proportional to the bulk
concentration, ¢, and to the fraction of unoccupied surface sites,

(1 - ), with a proportionality constant, k’. At equilibrium these two
rates are equal, so

kf6=ck (1-6)
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The quantity, (k’/k), is found experimentally to be thermaly activated:

k’ 6
& = Ker(T/D = 15

vwhere T is in degrees Kelvin. Although this model ignores the faceting
and other surface strucﬁures that have been seen in LEED measurements,
it has nonetheless been partially successful. The exponential form is
generally observed, at least over some restricted temperature range, but
various authors disagree by more than a factor of two over the value of
To’ which implies substantial differences in observed coverages. The
experimental details are different in each case, but the discrepancies
are large enough that the results as a whole should be regarded as only
semiquantitative. A reasonable value for To is around 8000°, and a
typical coverage at 700°C is 25 percent for ¢ = 0.1 % atomic. Hofmann
found that Ko is almost proportional to 1/c, while the others found it
to be reasonably comstant. There are also differences in the observed
range of validity for the equation. At low temperature, (k’/k) diverges
so the coverage should approach unity, as reported by Hofmann. However,
Farrell found that the coverage ceases to increase when the sample is
cooled below 700°C, so that for concentrations below 0.1%, the surface
remains relatively clean. In spite of the variety in the results, the
exponential behavior which is observed does suggest that above 1000°,
the surface coverage is at equilibrium with the bulk concentration. If
this is true, then coverage at 1000°* or more should depend only on the
oxygen concentration in the adjacent metal and not on any other details
of the thermal history of the sample.

One other important consideration is the diffusion rate of oxygen

in niobium metal.{40} The distance which an oxygen atom will travel
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during a time, t, at the (Kelvin) temperature, T, is approximately

x = Dt where D = 0.02 exp(-13500°*/T) (cm2/sec)
This relation affects surface cleaning procedures in two ways. If an
oxide layer which is sevgral molecules thick is heated to only a few
hundred degrees, the oxygen will be absorbed into a layer of metal whose
thickness is limited by diffﬁsion. This can result in a thin layer of
metal that is severely contaminated. As a general rule, the surface
should be kept hot long enough for oxygen to diffuse at least one
million angstroms. This becomes practical at around 1000°C. On the
other hand, for concentfations less than 0.01 atomic percent, the
surface should be relatively clean at temperatures as low as 700°C. If
the sample is cooled at a rate of 50°/sec, or more, very little oxygen
will have time to reach the surface of the sample before being "frozen"
into the metal.

In conclusion, niobium surfaceé with one monolayer or less oxygen
coverage can be made by heating to 1000°C in a vacuum if the metﬁi
contains 0.1 atomic percent oxygen or less. The heating time must be
sufficient so that the oxygen can diffuse well into the bulk so as to
avoid creating an oxygen-rich layer of metal near the surface. Heating

to higher temperatures is useful only to aid diffusion, or to purify the

bulk niobium.



4. EXPERIMENT

4.1 Overview of Experimental Strategy

The goal of this e*periment was to measure the influence of oxide
layers on the microwave surface resistance of superconducting niobium by
comparing the surface resistance of oxidized and oxide-free surfaces. A
procedure for cleaning the niobium was developed based on studies in the
literature and on our own Auger measurements. The native oxide layer
was removed from the surface by heating to 1100°C for 20 minutes. At
this temperature, the oxygen was absorbed into the bulk; however, sulfur
sometimes precipitated to the surface at the same time. The sulfur was
removed by heating to 1400° for one minute. Surface resistance was
measured by making a resonant cavity out of the niobium and measuring
the quality factor of the cavity. The quality factor () is related to
the surface resistance (R) by a geometry factor, G = RQ, where G =
(poc)koL, poc/r = 120, k_ is the free space wavenumber, and L is the
ratio of the volume integral to the surface integral of |B|2. For our
cavities, G = 2701l.

A cavity and furnace arrangement was constructed so that the cavity
could be heated to 1400° under vacuum, sealed with an all-metal valve,
and moved to a cryostat for testing without any exposure to air. Later,
the valve could be opened, and the cavity exposed to controlled amounts
of oxygen and retested.

Upon finding that exposure to oxygen did not affect the RF

performance of the cleaned cavities, it became necessary to make sure

34
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that the cleaned cavities were actually oxide-free. There was little
doubt that most of the native oxide was absorbed at 1100°*; but, since
the pressure inside the cavity could not be measured directly, it was
hard to assess the contamination that occurred in between the cooldown
from T > 1000°*, and the cryotest.

The technique of heating the (evacuated) cavities to 325°C for 10
minutes was developed to get around this broblem. At this temperature,
the surface oxides decompose, and the oxygen diffuses into the metal,
creating an oxygen-rich layer which is a few thousand angstroms thick.
This layer exhibits a reduced BCS resistance and an increased residual
resistaﬁce, while oxide-free cavities were unaffected by this heat
treatment.

Several measurements were made on oxidized and heated cavities to
verify the existence of the oxygen-rich layer and to better understand
the process by which it forms. These include the usual measurements of
the BCS resistance and the residual resistance, as well as measurements
of the (radio frequency) critical temperature, and the normal surface
resistance. |

Measurements of the dependence of the residual resistance on
ambient magnetic field during cooldown through the transition
temperature were made in order to estimate errors due to this effect.
Although these errors were small enough to be unimportant, it was
interesting to note that the presence of heated oxides can magnify this

effect by as much as a factor of b.
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4.2 Apparatus

A) UHV Furnace

Figure 4.1 shows the ultra high vacuﬁm furnace with a cavity
installed. A current of up to 350 amps passes through the feedthrough
and the flexible bus bar, dswn the top cutoff tube, through the cavity
and the lower cutoff tube, and out through the cavity flange. The
0.062" thick niobium sleeves around both cutoff tubes conduct heat and
electricity so that the cavity becomes the hottest part of the furnace.
The spring-supported flexible bus bar keeps the cavity from being

crushed by thermal expansion.
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Figure 4.1 Ultra-high-vacuum furnace with cavity installed.
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The cavities were cylindrically symmetrical with an "elliptical"
profile{76}. Cavity halves, as well as the first quarter inch of the
cutoff tubes were drawn from high purity 0.02" niobium sheet,{77} and
electron beam welded together. Some of the later cavities were further
purified by solid state gettering.{73} Cavities were fired at 1100°C
for 20 minutes to remove thé oxide layer, and at 1400° for one minute to
remove sulfur. (The second step was sometimes omitted on cavities that
had been previously fired.) After firing, the seal was brokem at "A"
(fig.4.1), the all metal valve was closed, and the cavity was taken to
the cryostat for testing. Transfer from the furnace to the cryostat
took about an hour.

The vacuum systems for the inside and the outside of the cavity
were completely separate. Each was pumped by a sputter-ion pump with a
pumping speed of 140 1/sec. for the inner vacuum, or 800 1l/sec. for the
outer vacuum. However, for points near the cavity, these pumping speeds
were limited by geometrical obstructions to about one 1l/sec., and 10
1/sec., respectively.{78} Coﬁsequently, whenever the principal source
of gas was near the cavity, the pressure there was on the order of 100
times higher than the pressure read by the pump. After a conventional
bakeout at 100° to 200°C, both pumps read near their minimum values of
10_9 torr. During firing, the cavity was brought up to 1100° over a
period of one or two hours, so that the outer pump always read less than
10-7 torr. The inner pump usually read about one fifth this much. A
residual gas analyser showed that most of this gas was hydrogen, which
desorbed from the cavity and other niobium parts. After heating above

800°C, niobium becomes an excellent getter for almost everything except
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inert gases. During firing, at least half of the lower cutoff tube
reached this temperature, so that it is unlikely that significant
amounts of oxygen reached the inside of the cavity after cooldown. The
situation outside the cavity was less ideal. Heat and hydrogen flux
from the cavity liberated appreciable amounts of water and/or CO from
the walls of the vacuum chamber. A good fraction of these gases were
absorbed by the cavity degrading its purity. Since the reciprocal of
the RRR is proportional to the amount of impurities in the niobium,{58}
the change in cavity RRR due to firing may be described by the formula,

1 1 _ A
RRE; ~ “ERR, ~ 600

vwhere the subscripts refer to the initial and final values. The number,
"A", is proportional to the amount of oxygen, etc. absorbed by the
cavity. Observed values of "A" ranged from 1 to 3, while a value of 0.3

corresponds to the absorption of 50 angstroms of Nb205 from each surface

of the cavity.

B) Cryostat

The cryostat is shown in figure 4.2. The cavity is surrounded by
three layers of "Co-netic" magnetic shielding. There are two 30-turn
degaussing coils wound (in the same direction) around the inner shield,
as well as a seven turn pickup coil (not shown) around the center of the
shield. Prior to each cooldown, an AC current with amplitude decreasing
from -3 amperes to zero was passed through the degaussing coils. The
voltage on the pickup coil was measured to make sure the shield was
driven into saturation at peak amplitude. (The maximum voltage was

~0.2V rms.) A solenoid located just inside the innermost shield was
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used either to cancel out the remaining vertical field (-1 milligauss)
or to create a magnetic field if one was required. The field near the
cavity was measured with a single (Hewlett-Packard) fluxgate
magnetometer. The magnetometer was mounted on a gimball and could be
moved through several steradians by a long thin-walled stainless handle.
This design allowed compensation of temperature dependent offsets as
well as measurement of all three components of the field.

Temperature was measured with two germanium resistors set into a
copper clamp just above the cavity. In addition, a carbon resistor
(Allen-Bradley 1001, 1/8 watt) was attached to the bottom plate. All
three thermometers usually agreed to within 0.01°K.

It was necessary to drill a hole lengthwise through the stem of the
all-metal valve in order to keep helium from getting trapped below the

threads and damaging the bellows.

C) Principles of single-probe cavity measurements

Measurements of cavity resonances require a power source, a
circulator (or directional coupler), a cavity with a feedline and
coupling probe, and a RF detector. (See figure 4.3.) The circulator
separates power going into the cavity from reflected power coming out.
Power travels from the source into port 1 of the circulator. It then
comes out of port 2, and down the feedline to the probe in the cavity.
Some of the power is then reflected back toward port 2 of the
circulator, which sends it out port 3 to the detector.

If the power source is suddenly turned off, then stored energy (U)

leaves the cavity as dissipated power in the cavity walls (Po), and as
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radiated power through the ("external®) probe (Pe)' The decay time is

therefore

T = T

P +P -1
[—v—)
The loaded § (QL) is defined as wT, and the cavity @ (Qo) and the
external { (Qe) are similarly defined by their respective loss

mechanisms.
1 . 13?
QL="'T=[TO+T]
Qo depends on the surfaée resistance of the cavity walls, while Qe
depends only on the geometry of the cavity and probe. The coupling
parameter, f, is defined as
p=10/q, =P/P
Now we consider a steady situation where the frequency of the
incoming power exactly matches the resonance frequency of the cavity.
The reflectivity at the probe tip is very close to unity, but this
reflected power interferes destructively with Pe’ which is emitted from
the cavity. Setting the incoming power equal to one for convenience,
the net reflected power is then |
P_=(1-1F,)*
By energy conservation, we must also have
1-P = P°
These two equations may be combined using pPo = Pe to give

2
e ) R

(o]
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Finally, we note that if this steady state is suddenly interrupted by
turning off the incoming power, then the power emitted by the cavity
immediately after the shutoff will be |
r - e, - ()
(1 + p)
D) Cavity and RF circuit
The cavities were of the "elliptical" design of Kneisel et
al.,{76,79} scaled to 8.6 Ghz, with a cutoff tube diameter of 0.45", a
magnetic geometry factor (@ times the surface resistance) of 2700, and =

shunt impedance, Z/Q, of 6150 V/m. The RF power was coupled to the
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Figure 4.3 RF circuit used for measurements below 4.2°K.
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cavity by a single coaxial probe. The external quality factor, Qext’
could be adjusted only by changing the thickness of the copper gasket
that sealed the cavity flange to the feedthrough/vacuum assembly. Values

10

of Qext between 3x109 and 3x10"" were necessary in order to make

accurate measurements at low temperatures.

At higher temperatures; this coupling was too weak for the RF
signal to be phase;locked to the cavity resonance, so a high-power pulse
technique was used. The circuit for the RF is shown in figure 4.3. The
RF is pulsed by diode switches on both sides of the power amplifier. A
third switch is necessary to protect the 30 dB signal amplifier. When
the pulse ends, this switch closes and the exponential decay of the
emitted power from the cavity is seen on the oscilloscope. About 10 uw
of emitted power was needed to get a clear decay curve, so the required
input power was

P, > 10 pw + (1 + p)°/ap°

where the coupling parameter, fi, equals the cavity Q divided by the
external §. This power requirement restricted measurements to
temperatures below ~3.3 degrees. (At low temperatures, where f -~ 1,
about 5 mw of input power was still required due to FM noise in the RF
supply.) The power dissipated by the cavity ranged from -1 mw at 3.3°,
to ~10 uw at 1.4°. Electric fields in the cavity were on the order of
100 kV/m. At low temperatures, f was close to unity, and conventional

phase-locked measurements{20,80} were used to measure the external @.
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E) Apparatus for measurements above 4.2°K

A simple but adequate apparatus for measuring DC resistivity and
quality factors at temperatures between 7°K and room tehperature is
shown in figure 4.4. The cavity is mounted horigzontally inside a copper
can suspended above a small puddle of liquid helium inside the cryostat.
Although not leaktight, the can has only a few small holes for the
necessary wires, etc. to pass through. The cavity is attached to the
can by thin stainless and brass mounts so that the helium atmosphere
provides most of the thermal comnection between the cavity and the can.

Temperature was measured with a germanium resistor mounted in a copper
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clamp next to the cavity, and was controlled by a ~10 watt heater coil
wrapped around the can, or by raising and lowering the can in the
cryostat.

Current for measuring the DC resistivity of the cavity was
introduced through the heavy copper clamps, while the voltage leads were
just two turns each of coppef bus bar twisted tightly around the cutoff
tubes. The maximum current used was * 3 amperes; and a typical room
temperature resistance for the cavity was -250 ufl.

The RF ﬁrobe is a short piece of semi-rigid coax with 1/8" of the
center conductor exposed. The other end of the probe is connected to an
RG58 cable which goes to a circulator outside the cryostat. The (off
resonance) reflected power (measured at port 3 of the circulator) varied
by more than a factor of 5 depending on the frequency, indicating the
presence of substantial reflections and attenuations in the feedline.

Quality factors were determined from measurements of the reflected
power as a function of frequency. A typical signal is shown in figure
4.5, The reflected power near the resonance frequency is given by the
absolute square of the sum of two terms:

P_= R + A/(1-2izg) |?
where z = (f—fo)/fo and fo is the resonance frequency. The first term
(R) is the sum of all the attenuated reflections (including the
reflection at the probe tip), while the second term is the attenuated
wave that is emitted from the cavity. As long as the off resonance
reflected power does not vary significantly over frequency intervals as

narrow as the resonance width, R and A are just complex constants.
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system with attenuations and reflections in the feedline.

Their phases and magnitudes are generally unknown, but if the feedline
contains no reflections, then R/A = 2f/(f+1). It is straightforward but

tedious to show that the loaded {, HL = (l/ﬂ° + l/qext)-l’ is given by

vhere fo is the resonance frequency, Afl is the frequency difference
between the points of maximum and minimum reflectivity, and Cl is a

correction factor that depends of the ratio, h/d. (See figure 4.5)
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Some values of C1 are given in table 4.1. If h/d is too small for this
technique to be convenient, then the usual "full width half maximum"

formula,

may be used, where 02 is anéther correction factor (table 4.1), and Af2
is defined in figure 4.5. The external Q was determined by cooling the
cavity well below the tramsition temperature so that the cavity Q (Qo)
was very large, and QL - Qext' This estimate may be undependable,
especially in the presence of temperature dependent attenuations, so

cavity Q measurements were genmerally used only if

f = Q,/Qext < 0.5, making small errors in the external § relatively
unimportant.
TABLE 4.1
Correction factors
h/d 0 0.1 0.2 0.5 1 2 5 10
C1 - 1.7 1.3 1.1 1 1.1 1.3 1.7
C 1 1.1 1.2 1.4 1.7 - - -



6. RESULTS

5.0 Introduction

Results are presented in almost the same order in which the
experiments were done. The.first section describes a set of Auger
spectroscopy measurements which were done in order to find an annealing
temperature at which the natural oxide layer can be removed from niobium
by absorbing the oxygen into the bulk. We found that 1100°C is hot
enough to remove oxygen, but that a layer of sulfur sometimes appears,
which can be removed at 1400°.

The second section begins with a description of the formula to
vhich the superconducting surface resistance data were fit. This
formula is the sum of a temperature independent residual resistance, and
a temperature dependent BCS resistance, RBCS' The BCS resistance
consists of a function which varies roughly as exp(-A/T), (where A is
the energy gap,) multiplied by a prefactor which depends on the
frequency and on the electron mean free path. The remainder of this
section compares the residual resistance of ordinary chemical polished
cavities with those that have been cleaned by UHV firing as described in
section 1, and with fired cavities that were reoxidized by exposure to
controlled amounts of oxygen. The residual resistance drops
considerably when the cavity is fired, but it is not affected by
subsequent oxygen exposures, It is also noted that the BCS resistance

at 2° depends on the (bulk) purity of the niobium.

48
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The third section describes the increases in residual resistance
and the decreases in BCS resistance which occur when oxidized cavities
are heated to temperatures near 300°C. These changes, presumably caused
by the thermal breakup qf the oxide 1ayer,‘were initially monitored in
order to show that the fired cavities were not contaminated with oxygen.
An upper limit of omne or bwo.monolayers was established for the
contamination. A slight decrease in the RF transition temperature and
an increase in the normal surface resistance just above Tc were also
observed on oxidized and heated cavities. Further studies showed how
these changes depend on the temperature to which the cavity was heated.

Section four contains energy gap measurements. The gap is
independent of all the preceding surface treatments, as well as the bulk
purity of the niobium.

Section five describes XPS, Auger, and secondary yield measurements
done on oxidized niobium during and after the heat treatments used in
section three. These measurements show that the oxide layer remains
intact until the temperature reaches 200 to 250°. However, by 300°,
almost all of the oxygen has left the 20 angstrom thick surface layer
where these measurements are sensitive.

The discussion section describes the process by which the oxide
layers are absorbed at temperatures near 300°, based on the XPS

measurements, and on the measurements of BCS resistance.
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5.1 Auger Studies

An Auger electron spectroscopy study was done to find the
temperature at which ox;de layers are removed from the niobium material
out of which we have made our cavities. It is well established that
oxide layers disappear from.niobium surfaces above 800°C, but, if the
bulk concentration exceeds 0.1 atomic percent, some oxygen will
precipitate back to the surface upon cooling. Temperatures in excess of
1800° are necessary to remove oxygen from the bulk by evaporation of
Nb0, however, this can now be accomplished by solid state gettering at
lower temperatures.{73} Our study covered the temperature range between
800° and 1800° at which the oxide layer dissolves into the bulk metal.
Since our material is about 100,000 thicker than the oxide layer, this
degrades the purity of the metal only slightly.

We studied both a rolled strip of .020" thick sheet as received
from Ames Laboratory,{77} which had a residual resistance ratio (RRR) of
~-150 (Oxygen concentration < .03% atomic), and a .020" thick single
crystal (1,0,0) which had been made from the same material, but which
had been decarburized at 1600°C in 10_6 torr of oxygen and then degassed
at 2100* to an RRR of -1000. Samples were polished in a mixture of
HN03, HF, and water,{81} and then rinsed in water, and methanol prior to
insertion into the Auger apparatus. Inside the apparatus, they were
heated to successively higher temperatures, and an Auger spectrum was
taken during and after each cooldown. Each heating cycle lasted long
enough for oxygen to diffuse through the thickness of the sample.

10

Typical vacuum pressure was 5 x 10~ torr while measurements were being
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made. The pressure rose by as much as an order of magnitude while the
sample was being heated.

Prior to heating, the contamination layer was so thick (> 30
angstroms) that the Auger spectrum showed ﬁostly oxygen and carbon, but
little or no niobium. However, a niobium signal was plainly visible
after degassing for 30 minu£es at a temperature well below the minimum
which could be measured with the optical pyrometer.

The results are shown in figure 5.1. The pure crystal showed
negligible oxygen coverage immediately after heating to 1200°C or more.

The coverage rose steadily with time until it reached .1 monolayer after
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Figure 5.1 Oxygen coverage vs. time after heating to indicated
temperature for polycrystaline (RRR=150), and single crystal
(RRR = 1000) Nb. Slopes of straight lines are presumably due

to background pressure (-.10—9 torr) of CD or water.
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Figure 5.2 Coverage measured 10 minutes after cooldown from

indicated temperature for polycrystaline Nb.

~10 minutes. This coverage is probably due to adsorption of ambient
gases. The apparent temperature dependence on the rate of coverage is
loosely correlated with increased background pressure due to heat. The
results for the as-received rolled strip were similar to those for the
single crystal except for two details: (1) When this sample was heated
to 1200-1300°, it became covered with a few monolayers of sulfur, which
apparently prevented oxygen from accumulating on the surface (Figure
5.2). This sulfur could be removed by heating to 1400°. Reheating

this sample to temperatures of 1080° or more did not result in
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reappearance of the sulfur. (Similar contamination was seen at the
University of Geneva. They also found that the sulfur reappeared
whenever the sample was heated to 800°.){82} (2)An initial coverage of
~ 1/3 of a monolayer of oxygen was observed immediately after heating.
This oxygen probably precipitated out of the bulk. The spectrometer was
calibrated to within a factor of two by exposing a clean sample to 10_8
torr of oxygen. The rate of coverage drops when one monolayer is
reached.

We concluded that niobium can be cleaned by heating to 1100° if the

initial purity of the metal is adequate.

5.2 Surface resistance of Chemical Polished, Fired, and Oxidized

Cavities

Surface resistances at temperatures below 4K were fitted to a three

parameter curve,

[6.11 R=A" Ryg(8,T) +R__

The free parameters are the constant, A, the energy gap, A, and the

residual resistance, Rres' For the function, RBCS(A,T), we used the
Pippard limit formula for superconducting surface resistance. To a
first approximation, this formula is proportional to exp(-A/T). The
exact formula is given by the right hand side of eq.[A.1] (appendix).
Wilson {17} has shown that this formula gives almost the same
temperature dependence as the more detailed computer programs by
Halbritter {16} or Turneaure {15} over a wide range of frequencies. Our

own comparison, using Halbritter’s program and parameters with a mean
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free path of 2000 angstroms and a frequency of 8.6 GHz., show that the
Pippard formula underestimates the gap by about 0.1 degree. Small
variations in the determination of A result in fairly large changes in
the value of RBCS’ which requires compensaﬁing changes in the value of
A. Consequently, rather than reporting A explicitly, we have chosen to
report the BCS resistance aﬁ 2K, A RBCS(A,2), which can be measured
directly. Figure 5.3 shows the results from a typical cryotest,

indicating the significance of these three parameters.

A) Exposure to oxygen
The first group of measurements were done in order to determine

the influence of oxide layers on residual resistance. Cavities were UHV
fired at T > 1100°C in order to remove the oxide layer, and then
repeatedly exposed, first to argon asba control, and then to oxygen.
Each pair of exposures was of greater duration and/or pressure than the
preceding pair; and each exposure, as well as the initial firing, was
followed by a cryotest. The results are shown in Table 5.1. With the
exception of one measurement, there is no evidence of any change. There
is good reason to suspect that the high value obtained on run 16 was due
to a leak in the cavity. On the next test, after chemical polishing and
firing, this cavity exhibited strange nonexponential decay curves. A
few thermal cycles later, a leak was found with a helium leak detector.

In order to find an upper bound for the infuence of oxygen exposure
on residual resistance, we have compared the residual resistance of all
the fired cavities before and after their first exposure to oxygen.

These data are shown in Table 5.2. Wherever multiple measurements are
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TABLE 5.1

Residual resistance as a function of successive surface treatment

Cavity # 2
Run# Surface Condition Residual Resistance RRR
9 BCP, Fired é 1400C 6.2 n-ohms 42
10 Exposed .02 torr Ar 5.9 "
for 2 min.
11 Exposed .02 torr 0 8.4 "
for 2 minutes
12 .1 torr Ar - 1lhr 7.5 "
13 (same as 12 - retest) 9.6 "
15 .1 torr 0 - 1hr 7.1 "
16 .1 toor 0 - 45hr 21.2 (leaked?) "
Cavity # 4
19 BCP, Fired 0 1400C 7.6 160
20 .1 torr Ar - 16hr 5.8 "
22 .1 torr 0 - 16hr 7.7 "
23 .1 torr Ar - 4Bhr 8.6 "
24 .1 torr 0 - 48hr 7.3 "

available, their average (weighted 1/02) is used. The method for
determining the error margins is described in section A.3 (appendix).
Our final conclusion is that these oxide layers contribute less than 1.5

nll to the residual resistance.

B) Chemical polished cavities

The chemical cleaning process prior to UHV firing consisted of

etching the cavities in buffered chemical polish, followed by rinses in
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TABLE 5.2

Change in Rres after first exposure to 02

Run #’s Exposure Change
Unexposed  Exposed to Oxygen (o)

9,10 11 1 min. at 0.02 torr +2.4 + 2.6
19,20,21 22 16 hr. at 0.1 torr 40.8 + 3.0
32,33 34 16 hr. at 0.2 torr +1.1 = 2.0
45,47,48 55 2 hr. at 0.1 torr -1.1 1.7
60 64 2 hr. at 0.15 torr -1.9 « 2.1
Average (weighted: 1/02) -0.1 « 1.5

water, acetone, and HPLC grade methanol. Cavities were not always
cryotested after this step, and many of the tests that were done
occurred before our best testing procedures were developed; however, a
few observations can be made. The residual resistance of chemical
polished cavities was usually about 50 nfl. The best result was 26 nfl,
obtained on caﬁity #4 after several cycles of firing, oxidation, and
chem polishing. On the other hand, cavities #5 and {6, which were
annealed in yttrium vapor and soaked overnight in 50% HNO3 prior to
chemical polishing showed more than 100 nfl even though cavity #6

performed acceptably (~12 nfl) after firing. (Cavity b was never
fired.)

. C) Fired cavities
After chemical polishing, cavities were UHV Fired at T > 1100°C for

~20 minutes, and then tested without exposure to air. A total of six
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firings were done using 3 different cavities. The residual resistance
was measured after each firing, and a few additional measurements were
made after argon exposures or other processes which probably had no
effect. Table 5.3 lists these results. Most of the values fall between

6 and 12 nfl, and much of the variation might be due to experimental

uncertainties.
TABLE 5.3
Residual Resistance of Fired Cavities
Run # Cavity Rres Surface Treatment RRR

9 2 6.2 = 2.5 Fired 1400°C 50
10 2 5.9 = 2.5 Exposed to Argon (after run 9) 50
19 4 7.8%3.1  Fired 1400° 160
20 4 5.8 +# 3.1 Exposed to Argon (after run 19) 160
21 4 8.3 + 3.1 Retest afﬁer 2 weeks 160
32 4 11.1 + 1.9 Fired 1100° 115
39 4 7.1+1.9 Fired 1100° o8
45 6 11.3 # 1.6 Fired 1400° 280
60 6 13.1 = 1.6 Fired 1400° 180

D) Dependence of residual resistance on ambient magnetic field.
Measurements were made on two cavities to determine the contribution to
residual resistance from magnetic flux which is trapped in the walls of
the cavity as it cools down through the transition temperature. Figure
5.4 shows residual resistance of two different cavities as a function of

ambient magnetic field during cooldown. The results are only
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reproducible to about * 40%, but they show two distinct curves, both of
which are roughly linear. The lower curve, with a slope between 0.3 and
0.6 nfl/milligauss, was measured on cavity #6, which had an RRR 6f 280
and an oxide free (firgd) surface. The ubper curve, with a slope of
about 3 nfll/milligauss, is some early measurements on cavity #2. This
cavity, which had an RRR of about 100, had been chemical polished and
rinsed, and then evacuated and baked out overnight at an unknown
temperature (maybe 200°C). Section 3 B of this chapter contains
additional evidence suggesting that the bakeout caused this higher
slope.

Lyenis{32} found that the magnetic field contribution to residual
resistance could be substantially reduced if the cavity was cooled
inside a vacuum chamber so that cooling occured only by thermal
conduction. On many of our measurements, the cavity was cooled as
slowly as possible (< 0.5 degree/min.) in a helium atmosphere,
surrounded by a copper container in order to reduce thermal gradients.
However, our procedure was not effective. The results were no different

than those obtained when liquid helium was transfered directly onto the

cavity.

E) Effect of niobium purity on BCS resistance

A simple measure of niobium purity is the residual resistivity
ratio (RRR) which is the ratio of the DC reéistivity of the cavity at
room temperature divided by the resistivity at 10°K.{58} Figure 5.5
shows the BCS resistance at 2°K for several cavities as a function of

the RRR of the cavities. (The point marked with an "X" is a heated
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Figure 5.5 BCS resistance at 2°K as a function of niobium

purity (RRR).

cavity discussed in section 3 D.) Figure 5.6 shows the same effect at
4.2° and at 1.33°. The results are essentially the same, although the
accuracy is somewhat reduced since most of these resﬁlts are
extrapolated from data in the temperature range between 1.35° and 3.3°.
The curves drawn through figures 5.5 and 5.8 were calculated with
the program by Halbritter,{16} which uses the single gap Green’s
function expression {2} for the current density. (We have used the
estimate, 1 = (20 Angstroms)*(RRR), for the mean free path. Other
material parameters for niobium are identical to those used by
Halbritter.) The main features of these curves can be derived from a
simple description of the anomolous skin effect. The expression for

2

power loss per unit volume in an ordinary conductor is E ‘ne2T/m, where,
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in this case, n is the density of "normal® electrons. The relaxation
time, 7, is related to the mean free path, 1, by 7 = 1/v, where the
average thermal velocity, v, is typically about one half the fermi
velocity. If 1 is less than the penetration depth, )\, then the

-1/2

penetration depth is proportional to 1 Maxwells equations give

f E2 dz -~ Xs, so the surface resistance, R, is proportional to 11/2.
For 1 >> A, the penetration depth is constant, and the factor of 1 in
the conductivity is replaced by the average distance, leff’ which the

electron travels inside the penetration layer.
1., =% L) d0
eff = 4rx

where 6 is the angle beween the electron trajectory and the normal to
the surféce, and dl = 27 sinf df. If the electron travels parallel to
the surface ( |6-7/2| < X/lv), the local expression is correct, and L(6)
= 1. For other angles, the anomolous expression is approximately L(0) =

A/cosf, so the surface resistance is proportional to

7/2+7/1 s
logs = 1 sinf d6 + Atanf d6 - X (1 + log(l/A) )
© 7/2 7/2+\/1 ‘

If the relaxation time is greater than the RF period, further increases
in 1 are unimportant. The anomolous term, which dominates 1eff is

unchanged except that the range of integration becomes [0 - 7/2| > Aw/v
instead of |6 - 7/2] > A/l. The local term goes to zero for very long

1, since these electrons simply oscillate in the absence of scattering.
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F) Possible effect of niobium purity on residual resistance.

Figure 5.7 shows the residual resistance of UHV fired (unoxidized)
cavities as a function of niobium purity (RRR {68}). The curve drawn
through (or below) the data is interpolatea from the graphs by
Scharnberg, {36} of calculated residual resistance due to direct
generation of phonons by the RF electric field. [We assume that the
mean free path is given by 1 = 208 * (RRR).] The data and the theory do
at least have the same order of magnitude, and possibly the same sign
for the slope, but the errors are almost as large as the data, so these
similarities could easily be coincidental. Scharnberg’s theory predicts
a strong (~w2) frequency dependence for the residual resistance of high-
purity (RRR > 100) niobium. At frequencies below 4 Ghz, the prediction
is well below the observed values, but verification of this theory might

be possible at higher frequencies.
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Figure 5.7 Residual resistance as a function of niobium

purity. Curve is interpolated from theory of Scharnberg.
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5.3 Effect of Heating Cavities to ~ 300°C

WVhen an oxidized niobium surface is heated to 300°C for 5 to 10
minutes, most or all of the szﬂs surface layer dissolves into the
metal, creating an oxygén—rich layer whose thickness is limited to a few
thousand angstroms by the diffusion rate of oxygen in niobium. The
oxygen concentration within this layer should be a few atomic parts per
thousand. Oxygen - niobium solutions have several known properties:

The residual resistivity ratio (RRR) is given by 3.5/c, where c is the
oxygen concentration in atomic percent; the BCS resistance decreases
slowly with increased oxygen concentration, at least for concentrationé
of less than 0.1 %; and the critical temperature declines by .93 degrees
per atomic percent.{62}

Numerous measurements were made on both oxidized and unoxidized
cavities which had been heated in this manner. Although quantitative
comparisons are difficult, all of the above properties were observed on
oxidized heated cavities. We also found that these cavities exhibited
increased residual resistance, and an increased dependence of that
residual resistance on ambient magnetic field. The first set of
measurements used this heating technique as a tool to measure the extent
of contamination of the “unoxidized® surfaces. Later experiments

investigated various properties of surfaces which had been oxidized

before heating.



66

0480587-00I

Surface Treatments

3 320} + + .
£ A
A
X 300 F S e -
(4V] .
- B = 1 AL
o 280 [ ) -~ oa =
S = * -
- -l =

S 260 7] N
-
» 240 ' -+ 4+ _
@ "

220 -+ - 4
@ T & 7
s 0]

200

Figure 5.8 BCS resistance at 2°K as a function of successive
surface treatments. e: cavity 4 runs 31 through 37; m: cavity

4 runs 38 through 43, and A: cavity 6 runs 44 through 58.

A) Surface resistance of cavities heated to 325°C

Three cycles of measurements were made to compare the surface
resistance of oxidized and unoxidized cavities, which had been heated.
Each cycle consisted of the following surface treatments, with a
cryotest following each treatment: buffer chemical polish and rinsing,
oxide removal by firing at 1200 - 1400°C, heating to 325° for 10

minutes, exposure to 0.1 torr oxygen for 2 to 16 hours (the time doesn’t
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Figure 5.8 Residual resistance as a function of successive

surface treatments for the same cavities shown in figure 5.8.

seem to matter), and reheating to 325°. The unoxidized cavities were
sometimes heated twice in order to collect additional data.

Figures 5.8 and 5.9 show the effects of these treatments on the
BOS resistance at 2°K, and on the residual resistance. When oxidized
surfaces are heated to 325°C, the BCS resistance decreases by about 20%,
but the residual resistance increases by about 50 nfll. These two effects
cancel each other near 2 degrees . The oxide-free cavities were usually

not affected by this heating. Since the oxidized cavities were probably
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covered with about 15 angstroms of Nb205, this implies that oxygen
contamination of the UHV fired surfaces probably does not exceed one or
two monolayers.

The last column of figure 5.9 shows a single measurement in which a
final exposure to oxygen reduced the residual resistance of a cavity
which had been first oxidized and then heated. This might suggest that
the residual resistance of the heated cavity was due to a layer of
suboxides that was then converted to the dielectric, Nb205, by exposure
to oxygen. However, no such layer was found by Kirby et al.,{83} using

XPS measurements. Their investigation is described in section 5 of this

chapter.

B) Dependence of RF properties on heating temperature

A single cycle of measurements was made in order to determine the
effects of heating to different temperatures. While the reproducibility
of single measurements has not been checked, at least some of the trends
in the data are probably correct. The cavity was first cold polished
and fired, then oxidized, and then heated to successively higher
temperatures with two cryotests following each of these procedures. The
first cryotest was done in the usual way with the ambient magnetic field
screened to less than two milligauss. The cavity was then warmed above
20°K; and a magnetic field of 120 milligauss was applied while the
cavity was cooled and retested.

Figure 5.10-a and 5.10-b show the BCS resistance at 2 degrees, and

the residual resistance after firing and oxidation, and after heating to

three successive temperatures. The curve drawn through 5.10-a is
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Figures 5.10 BCS resistance at 2°K (a), residual resistance

(b), and enhancement of residual resistance from a 120 mg
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niobium cavity after heating in vacuum to successively higher

temperatures.

Square points show values prior to oxidationm.
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calculated from equation [5.4]. Figure 5.10-c shows the increase in
residual resistance caused by application of a 120 milligauss magnetic
field following these same treatments. This increase is probably due to
some nonuniformities in the surface where magnetic flux lines are
trapped as the cavity cools. Kneisel et al.{6u} observed a similar
phenomenon on niobium cylinders which had been cooled to room
temperature very slowly (~12 hr.) after UHV Firing. The effective
penetration depth measured as a function of DC magnetic field, showed an
irreversibility due to trapped flux. This effect was much smaller on

samples that had been cooled roughly three times faster.

C) RF transition temperature

Heating an oxidized cavity typically reduced its RF transition
temperature (Tc) by a few tenths of a degree. Although it is well known
that the superconducting transition temperature of Nb declines by .93
degrees per atomic percent of dissolved oxygen,{62} the quantitative
significance of our RF data is less clear. The influences of
concentration gradients and proximity effects are not known, but it does
seem safe to assume that RF measurements sample a depth no greater than
the normal skin depth, which, in this case, is equal to.2 pm/(RRR)l/2 )
where RRR is the local residual resistivity ratio. It was necessary to
expose the cavities to air in order to make these measurements.

Since the RF surface resistance is continuous at Tc, we have
arbitrarily defined the RF transition temperature as is shown in figure

5.11. Just below the transition, the § of the cavity increases fairly

linearly with decreasing temperature. We have defined '1‘c as the
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Figure 5.11 Quality factors for a typical cavity near Tc,
showing the definition of the RF transition temperature.
Diamond-shaped data points were not used due to high f or value

within noise level of normal §.

extrapolation of this line to § = 0. Transition temperature
measurements were typically reproducible to within a tenth of a degree.
The RF transitions for several cavities are shown in figure 5.12.
All of the cavities which were oxidized and heated have Tc values below
9°. Two of these gavities were then chemical polished to remove the
oxygen-rich layer, after which the Tc was remeasured. These pairs of
points are indicated by identically shaped data points. Several other

chemical polished or heated cavities are indicated by round dots. The
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temperature calibration may contain an offset of a few tenths of a

degree, but the changes in temperature should be accurate to within a

tenth of a degree or less.
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Figure 5.12 RF transition temperatures for several cavities
after oxidation and heating to temperatures near 300°C, and

after chemical polishing. m: Cavity $#4 after run 43. A:
Cavity #6 after run 58.

o: Other cavities.

D) Normal surface resistance

The normal surface resistance of a non-magnetic metal with (local)

resistivity, p ,is given by

wp, p
2 ) (MKS)

[5.2] R=3

For our cavities, this implies Q = 27000/p, where p is in units of pohm-
cm. There are two likely reasons for this formula to fail. One is the
anomalous skin effect, which occurs only if the resistivity is low
enough for the electron mean free path to be comparable to the RF skin

depth. The other is that the metal near the surface may have a
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different resistivity from the bulk value which is obtained from DC or
low irequency measurements.

Figure 5.13 shows normal Q’s for two different cavities as a
function of their measured DC resistivity; The latter was varied by
cooling the cavity from -~100K down to 10K. Cavity #5 was a chemically
polished cavity that had never been heat treated except for the initial
annealing in Yttfium vapor during manufacture. Its RRR was about 400,
which implies a bulk resistivity of .04 pohm-cm at 10°K. The § of this
cavity agrees with the simple theory at least for p > 0.2 pohm-cm,
indicating that, for resistivities in this range, the anamolous skin

effect is not important.
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Figure 5.13 Normal quality factors for two cavities at 10°K <
T < 100°K as a function of the DC resistivity of the cavity.

¢: Chemical polished cavity. O: Oxidized and heated cavity.
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Cavity #6 had a bulk RRR of 180. It had been oxidized and then
heated to a maximum of 350°C, as described in section 3 B of this
chapter. The normal § of this cavity never exceeded 10,000, which
corresponds to p = .5 pohm-cm, or RRR = 30. This result is consistent
with the value of the BCS resistance at 2°K which had been measured
earlier. The relationship between the RRR of unheated cavities and
their BCS resistance at 2° is shown in figure 5.5. The point
corresponding to this cavity is marked with an X. After the normal {
measurements were made, this cavity was cooled below the transition
temperature. The § increased rapidly, as expected, indicating that the
normal § had not been limited by dead flies or similar foreign matter in

the cavity.

5.4 Energy Gap

It is surprising that no significant variations in the
superconducting energy gap temperature (A) were observed. Variations
have been reported in the literature under similar circumstances, {84}
and might have been expected from the BCS theory. The simplest form of
this theory predicts a constant ratio, A = 1.76 Tc’ between the gap and
the transition temperature, which was seen to vary by several per cent.
A possible explanation has to do with the relative scales of length.

For T ¢ Tc/2, the coherence length, ﬁvf/rA, is less than the mean free
path unless the metal is very dirty (RRR < 20). This implies that the
oxygen atoms act as localized defects which do not affect most of the

superconductor, so the low temperature gap is unaffected. Near the
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transition temperature, the gap approaches zero, making the coherence
length much larger than the mean free path, so that scattering may limit
the ability of the system to form a coherent state. The depression of
the critical temperature by interstitial oxygen is probably not a simple
mean free path effect, since some impurities can even raise Tc.{63}
But, the change in the coherence length may explain why Tc is altered
while the gap remains unchanged.

We have looked for correlations between the energy gap and
several parameters, each of which is discussed briefly below. In most

cases, changes in the gap were found to be well under one percent.
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A) Surface treatment

Figure 5.14 shows gap values grouped according to the surface
preparation of the cavities. These treatments include chemical
polishing, and three types of heat processés: UHV Firing at T > 1000°C,
heating to T -~ 300°C without exposure to oxygen ("clean"), and heating
to -300° after exposure to o#ygen. For each heat treatment there are
two groups of data depending on whether or not the cavity had been
exposed to oxygen after the treatment. The analysis of these data is
summarized in figures 5.15 and 5.16. Figure 5.15 shows the mean and
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standard deviation for each of these groups, while in figure 5.16, the
oxidation immediately prior to testing is assumed to have no effect, so
that there is only one group for each heat treatment. The "goodness of

fit" parameter, xz is also shown. Tt is defined by

= 2
N( (A, - A) _ LA/
o3 Ill/ai

where N is the number of measurements in the group, and the o’s are the

estimated accuracies for each measurement. The method for determining

0’s is described in section A.1 (appendix). xz should be expected to
differ from 1 by no more than about (N-l)_l/z.
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Figure 5.16 Average energy gap for same surface treatments as

5.15 with data from oxidized and unoxidiged cavities merged.
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B) Niobium purity

Figures 5.17 shows the gap as a function of the residual
resistivity ratio (RRR) of the cavity. All cavities with RRR > 90 had
been purified by annealing in Yttrium vapor. The other cavities did not

receive this treatment. Cavities which had been exposed to oxygen and

then heated are not used hefe.

C) Magnetic field

Figure 5.18 shows the Gap as a function of the ambient magnetic
field during cooldown. The fields have been truncated to the nearest 10
milligauss. Values for 12 are listed if more than one measurement was

made at the same field. No significant trend was expected or observed.

D) Time
Figure 5.19 is provided for completeness. It shows all gap values
as a function of run number (chronological order). The RRR values are

also shown so that separate measurement cycles can be easily identified.
5.5 Surface Studies of Oxide Layers Near T = 300°C

Kirby et al.{83} have conducted XPS, Auger and secondary electron
emission studies in parallel with our superconducting RF studies of
oxide layers which have been heated to temperatures near 300°C. This
study used niobium samples from the same materials that were used in

cavity manufacture and followed our procedures as closely as possible.



17.5°
[=%
[=
(L)

Z 17.0°
)
(=
[7Y]

16.5°

2.0

1.5

N

Lo

0.5

O'o

79

0480987-027

= T T T T T -
| -
¢ b '
N _
A Js
I |
= -
- . . -
- a .
a
| = -
| ] | — |
50 IO 150 200 250

RRR

Figure 5.17 Average energy gap as a function of niobium

purity (RRR). (12 is normalized goodness of fit parameter.)

17.5°
o
o
o
& 17.0°
o
c
ul
16,5°
2.0
1.5
o~
< 1.0
0.5
0.0

0480987-028

- LB L I -l |
- -
! 1
B 7]
- -
r , -
{ | J | 1
50 100 I50 200 250

Magntic Field { m Gauss)

Figure 5.18 Energy gap as a function of ambient magnetic

field during cooldown. xz values are shown if more than one

measurement was made at same field.



80

0480987-026
| 1 T I I t

T o
'7-0:: HHH M H‘{ H*H'W*H‘

400 | -

Energy Gap
|

W

k)]

200 |- -

RRR

0 [ 1 1 1 1 i
o 10 20 30 40 50 60 70
Run Number

Figure 5.19 Complete listing of all measured energy gaps.

Cavity RRR is also shown.

The samples, which had RRR values between 100 and 150, were fired in an
RF furnace at 1200° for 20 minutes and then raised to 1400° for ome
minute. They were then transferred, under vacuum, to the chamber where
the spectrometers were located. Samples could be heated in the
spectrometer chamber to 300° or more with an electron beam incident on
the back of the sample. An adjoining chamber was used to expose the
sample to 0.1 torr of oxygen for two hours., As with the RF study, the
first measurements looked at niobium which was fired, oxidized, and
heated to 300° for 10 minutes. Later measurements studied the

dependence of these results on the temperature of the final heating.
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The principal observation from the first part of this study was
that measurements made after high temperature firing, exposure to
oxygen, and heating to 300°C were praétically indistinguishable from
measurements made immediately after firing. The fired niobium was
covered with roughly one monolayer of oxygen, which was probably due to
to a combination of precipifation from the bulk during cooldown, and
contamination during transfer to the spectrometer chamber. After
exposure to oxygen, the XPS showed a 13 angstrom thick layer of Nb205’
which contained about five times more oxygen than was originally seen.
The 300° heating drove most of this oxygen into the metal leaving
roughly the same coverage as before. It was not possible to associate
any particular stoichiometry with the single monolayer coverages.

The Auger spectrometer detected both sulfur and phosphorus
contamination on some of the samples, but there is no evidence that
these elements had any major effect on the RF results. The total
secondary yield was not significantly affected by oxidation or heating.
It remained between 1 and 1.2 over the range of incident energies from
100 to 1400 volts.

Some particularly interesting XPS data were taken while a piece of
niobium was slowly heated up to 350°. The temperature as a function of
time for these measurements is shown in figure 5.20. The times during
vhich each spectrum was made are indicated with solid lines, and
identified with numbers. Figure 5.21 shows the Nb 3d and the oxygen 1s
lines from these spectra. The signal for niobium metal is the two main

peaks at binding energies of 202 and 204.5 ev. If the niobium is
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oxidized, these peaks are shifted in proportion to the valence of the
niobium.{85} The two small peaks in curve (A) are due to Nb2[l5 (valence
= b).

As the temperature approaches 250°, The Nb205 breaks up into a
mixture of oxides with valences from 4 to 5, however the Nb metal peaks,
as well as the oxygen peak ;t 531 ev remain at the same height,
indicating that almost all of the oxygen remains within the ~ 20
angstrom surface layer from which the photoelectrons can escape. Seven
minutes later, and 40 degrees wérmer, most of the oxygen has left the
surface and diffused farther into the bulk. Above 300°, the XPS
spectrum changes only slightly as the remaining traces of oxygen

continue to diffuse into the bulk.
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Figure 5.20 Temperature vs. time for niobium sample. Solid

lines show when XPS data were taken. (See figure 5.21.)
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Figure 5.21 XPS spectra taken while oxidized niobium was
heated form 23° to 350°C. Different curves correspond to

temperature ranges shown in figure 5.20.
5.6 Discussion
The sensitive temperature dependence of both XPS and RF data near

300°C makes it difficult to establish connections between these two

types of measurements, however, a tentative description of the
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dissolution of the oxide layer can be made based on these results and on

the diffusion rate of oxygen in niobium.

Dissolved oxygen moves through niobium metal according to the

diffusion equation,{40}

where ¢ is the oxygen concentration, x is the distance from the surface,
and D is the diffusion constant, which depends only on the (Kelvin)

temperature.

D(T) = 0.02"exp[132%] [;—‘;‘2]

A particularly useful solution to the diffusion equation is

2
[5.3] c > ?; exp[ ;:2 ]

where 6215 the time integral of the diffusion constant, [ D dt ; and A
is the total amount of oxygen per unit area, f:c dx.

Figure 5.22 shows this solution to the diffusion equation for
niobium which has been heated to successively higher temperatures for 5
minutes at each temperature. Although these heatings are cumulative,
the diffusion rate increases so quickly with temperature that most of
the diffusion has always occurred at the most recent temperature. The
concentration which is plotted is the ratio of the density of oxygen
atoms in solution to the density of niobium atoms in pure metal. The

total amount of oxygen present corresponds to a 13 angstrom layer of



85

Nb205 on the surface. At t=0, the initial value of 6 is set to &
angstroms, so that most of the oxygen is within 15 angstroms of the
surface.

After heating to 150°C, the diffusion‘model predicts that the
oxygen will be spread out over a region at least 100 angstroms thick,
but the XPS measurements shéw that this is not the case. The oxygen
remains within 20 angstroms of the surface, with the valence of the
oxidized niobium still roughly equal to its original valence in the
Nb205. This suggests that the interface between the metal and the oxide
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is fairly sharp. Any oxygen which escapes into the metal can diffuse
rapidly away from the surface, leaving relatively pure metal next to the
oxide.

When the oxide fiqally decomposes at around 250°C, the oxygen
quickly spreads out into a layer which is on the order of 1000 angstroms
thick. Since the magnetic éenetration depth is between 400 and 800
angstroms, this oxygen should be expected to influence the BCS
resistance. The concentration in this layer rises as the oxide
decomposes, reaches a maeximum around 300°, and then declines at higher
temperatures as the oxygen diffuses farther into the bulk. After
heating at 350°, the concentration is down ﬁo about 0.1 percent, which
corresponds to an RRR of 35, in good agreement with the value determined
from the normal @ measurements.

The curve in figure 5.10A is an approximate calculation based on
the previous discussion. The fraction (f) of the oxide layer that

dissolved into the bulk was assumed to be given by the fermi-type
function,
f= —1

PP

in reasonable agreement with the XPS measurements. The oxygen

concentration was found by multiplying f by equation [6.3].

[6.4] c = —i}é- , Wwhere 52 = D(T) * 200 sec.
oNr

The time of 200 seconds was chosen instead of 5 minutes to allow some
time for the oxides to decompose. The exponential term in [5.3] was

ignored since the important values of x are less than the penetration
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depth, which is less than 6. The concentration was then converted to an
RRR value (c - RRR = 0.035), and the BCS resistance was taken from
figure 5.5. The local maximum at 275°C in figure 5.10-a corresponds to
the maximum in oxygen concentration near the surface, which is about one
half of an atomic percent. The concentration exceeds 0.25 percent from
230° < T < 335°, which is in reasonable agreement with the oxygen
concentrations derived from critical temperature measurements.

The peak in residual resistance also seems to correspond to the
peak in dissolved oxygen concentration. It is important to note that,
at these high concentrations and at temperatures below 1500°, niobium -
oxygen solutions are probably unstable against formation of Nb0.{41}
Although this transition was not seen below 600°, some kind of
clustering may take place at lower temperatures, or these super
saturated solutions may simply not form at 300°. The XPS shows no
evidence of low valence oxides, but, if these precipitates were
scattered throughout a ~ 1000 angstrom layer, the amount near the

surface would be too small to detect.



6. CONCLUSION

6.1 Research Summary

We have developed a technique for removing the native oxide layer from
the surface of niobium by uitra high vacuum (UHV) firing at 1100°C.
Final coverages of less than a monolayer can be achieved provided that
the initial purity of the bulk metal is sufficient, and that both the
length of time at high temperature and the thickness of the metal are
large enough for the oxygen to diffuse into the bulk without excessively
degrading the purity of the metal near the surface. A coverage of about
one half of a monolayer was obtained on a sample whose bulk oxygen
concentration was between 100 and 200 ppm atomic. Data from the
literature indicate that at 1000 ppm, the coverage is around one
monolayer, and that, for concentrations less than 100 ppm, coverage
varies linearly with bulk concentration. The precipitation of sulfur
and phosphorus to the surface was observed on some, but not all of the
samples. Precipitation of sulfur can be avoided or even reversed by
heating to 1400°C or more. Very low partial pressures of oxygen
< 10_10 torr) are necessary to maintain clean surfaces over periods of
hours, but these conditions were apparently met inside the UHV-fired
niobium cavities.

Niobium cavities were manufactured, cleaned as described above, and
then tested without exposure to air. The residual resistance of these
cavities varied from 6 to 12 nfl, which is almost an order of magnitude

less than the values observed on cavities cleaned by the usual chemical
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methods. Exposing the oxide free cavities to ~0.1 torr of pure oxygen
for a day or more altered neither the temperature dependent (BCS)
resistance nor the residual resistance. Variations of the B(CS
resistance with bulk pgrity of the niobium were in reasonable agreement
with the values calculated by Halbritter’s program. We noted that this
dependence of BCS resistanée on electron mean free path can be
qualitatively explained by a simple semiclassical model.

The technique of heating cavities to 325°C for 10 minutes was
initially developed in order to determine whether or not the fired
cavities were actually oxide free. As described below, several RF
properties of the oxidized cavities were altered by heating in this
manner. Since none of these changes were observed when "oxide free"
cavities were heated, we concluded that oxygen coverage on the "oxide
free" cavities did not exceed one or two monolayers.

A picture of the behavior of oxide layers near 300°C was
constructed based on the XPS studies of Kirby et al., on the diffusion
rates for oxygen in niobium, and on our RF measurements. Upon heating
for a few minutes at temperatures below 275°C, the composition of the
oxide layer changes from mostly Nb205 to a mixture of Nb205 and Nb02.
Most of the oxygen, however, remains within 20 angstroms of the surface.
At around 300°, the oxide layer can dissolve into the bulk within a
minute or two, creating an oxide-rich layer at least 1000 angstroms
thick. The oxygen then gradually diffused farther into the bulk.

Several changes were observed in the RF properties of oxidized
cavities after heating to temperatures near 300°. The BCS resistance

declined by 15 - 30 percent, as expected from the reduced mean free path
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in the oxygen-rich layer. The residual resistance increased by as much
as 100 nfl. Efforts to correlate high values of residual resistance with
particular oxides seen by XPS were unsuccessful. The largest values of
Rres were obtained under conditions where most of the oxygen had
probably dissolved into the first onme or two thousand angstroms of the
bulk. The residual resistance was affected more strongly by the
presence of a magnetic field during cooldown through the transition
temperature. The increase seen on oxide-free cavities was about one
half of a nfl per milligauss, while the increase for oxidized and heated
cavities was two to five times larger. The RF transition temperature
was typically a third of a degree lower, as expected from other
measurements of Tc as a function of oxygen concentration.

No change in the energy gap was observea as a result of any of the
processes described above. Upper limits of around one percent were
determined for the changes due to chemical polishing, UHV firing,
oxidation, and heating to 325°C. The gap was also independent of both
the bulk purity of the niobium, and the ambient magnetic field in the

cryostat.

6.2 Questions and Possibilities for Future Research

A) High field measurements

The high field performance of oxide-free cavities would be of
interest to the accelerator community. Breakdown fields of these
cavities may exceed 1000 gauss, since the low residual losses would not

create excessive heat at these fields. The principal experimental
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problem would be to comstruct a variable coupler for the sealed cavities
so that high powers could becoupled efficiently into the cavity. One
drawback is that the RRR of the oxide-free cavities is limited to about
300 by the absorption of gases, surface okides, and other contamination
while the cavity is hot. However, measurements and calculations by
Padamsee{86} show that incfeasing the RRR above 300 causes only very
small increases in the breakdown field. DC field emission studies
suggest that UHV firing at 1400°C may significantly reduce electron
loading in the cavities in addition to removing the oxide layer. Field
emission is likely to depend on the extent to which sulfur is eliminated
from the surface, either by the selection of good starting material for
cavity manufacture, or by increasing the firing temperature to 1500° or
1600° degrees.

Kneisel et al.{68} found that electron impact degrades the Q of
niobium cavities, and that the degradation is worse on anodized cavities
than on cavities with thinner oxide layers. It would be interesting to

see if this problem occurs on oxide-free cavities.

B) Residual resistance studies

A particularly interesting question which remains unanswered is
whether the 6 - 12 nfl which was observed on our best cavities is due to
some fundamental effect such as the direct generation of phonons by the
RF electric field, or whether it is due to some kind of contamination or
morphological defect. Construction of a cryogenic thermometry system to
look for localized defects would be a useful first step toward resolving

this question. If local defects are found, it would be very useful to



92

design a cavity in such a way that the defects could be examined with an
electron microscope or XPS analyser without destroying the cavity.
Whether such defects are found or not, measurements made in other
(higher frequency) modes should provide some useful information.
Comparison of TE and TM modes can separate metallic losses from
dielectric losses. As notéd in chapter 2, the frequency dependence may
provide information about the morphology of metallic defects, or about
the loss tangent of dielectrics.

If few localized defects are found, further investigations into the
residual resistance on niobium might proceed in several different
directions. One approach is to try to guess the cause of the 6 - 12 nfl
residual found on the cleanest cavities, and to perform experiments in
which the proposed cause is either eliminated or controlled. Such
experiments might include studies of thicker walled cavities, which
should have fewer grain boundaries after firing, or perhaps a éareful
examination of the residues of solvents or acids present on the cavity
either before or after firing. In any case, a cryogenic thermometry
system for locating losses during testing would be a useful improvement
to the apparatus. While this approach may be the shortest route to the
production of cavities with higher quality factors, it has the
disadvantage that if the new procedures result in less than a factor of
two improvement, the time required to collect statistically significant
data may be prohibitively long.

An alternate approach is to try to determine why cavities that were
fired and then oxidized performed better than chemical polished cavities

or cavities that had been oxidized and heated to 300°C. Exposing fired



93

cavities to water vapor or methanol vapor either with or without an
initial exposure to oxygen might provide information about the oxides
and other forms of contamination on chemical polished surfaces. In
fact, a study of Nbasn tunnel junctions has shown that the electrical
properties of niobium oxides can depend on the choice of oxidizer.{87}
Studies of heated oxide layers could be made more precise if
spectroscopic measurements were done on the cavities themselves. This
could be accomplished with muffin tin or TE type cavities if suitable
spectrometers were available. This type of experiment--done on
imperfect surfaces--has a reasonable likelihood of producing
reproducible data. A better understanding of oxygen and other
contaminants may lead to improved processing methods for mass
production, or possibly even to better procedures for making
superconducting alloys.

It would also be very interesting to test the theory of Scharnberg,
{36} which calculates the residual resistance due to direct generation
of phonons by the RF electric fieid. A useful comparison of theory and
experiment might be possible at 15 to 20 Ghz, using materials with RRR
values varying from a few hundred to a few thousand. Unfortunately, the
expected residual resistances would have to be measured at temperatures

between 1.25 and 1.3°K.
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APPENDIX: DATA ANALYSIS

Introduction

Energy gaps and residual resistances were calculated using the
Pippard limit formula{2} (infinite coherence and mean free path) for the

BCS resistance:

. -8, *@(T) /T
[A.1] R o — LN(46°T/£) e ( £ = frequency - Ghz )

The Gap function, G(T), is defined by A(T) = G(T) = Ao. The

temperature dependent gap is the solution to: {13}

_ 0 1 . | 2 2
A.2 1 =NV 1-21¢ + A(T d
[A.2] Jo (£2+ A(T)2)1/2 [ (¢ M*)]d¢

Where 6 is the Debye temperature and f(x) = (1 + exp(x/T))_l. In the

limit as T goes to O, the solution to [A.2] is
-A /T -A /T
oM -1=|25L o - 60 IT e * (for WV« 1)
0

However, we have used

-, /T
G(T) =1 - 0.82:{T'e

which is slightly closer to the exact solution over the temperature
range of interest. The gap is found by rewritiné [A.1] as a straight
line, A

[A.3] y=Ax+Db

where y = log[R*T/log(46°T/£)], x = G(T)/T, and b is a constant. The

best fit to [A.3] is found by minimizing the error function,
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L w* (y;-0°x,-b)?
[A.4] 2=

L w,

P |

i

where the yi’s and xi’s are the measured values of y and x, and the wi’s
are weighting factors whose purpose is to avoid using data which are
dominated by external § or fesidual resistance in the determination of

A. Ve have used

_ Rpcs
W, =

g = 1% - x5l Roos * Frog * 27078

ext

although several other formulae were tried on selected sets of data
without any significant change in the result. The best value of A and b
can be found directly by differentiating [A.4], while the optimum value

of Rres must be located by trial and error.

The remainder of this appendix consists of error estimates. The
most attention is paid to errors in the energy gap. The errors are
found to come from two sources: errors due to random fluctuations in
the data (af), and errors due to thermometer drifts, (act). A simple
formula is derived for calculating Op from the data. The thermometer
drifts are more difficult to estimate. They appear as consistent errors
during the course of a single measurement, but tend to drift randomly
from day to day. A minimum estimate for L is determined from
discrepancies between pairs of thermometers. The actual spread in
observed gap values suggests that the preceding estimates are low by a
roughly factor of two. A simulation using computer-generated data shows

that the calculated values for o, are actually low by almost this much.
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It is certainly plausible, but hard to prove, that L is also an
underestimate. Our final estimate for the error in an individual gap
measurement is twice the quadratic sum of e and L The analysis of
errors in BCS resistance is very similar to the analysis of errors in
the gap. Errors in residual resistance come from errors in the BCS
resistance, errors due the iimited accuracy with which the oscilloscope
can be read, coupling problems, and also from magnetic fields in the

cryostat.

In all of the error analyses, we have used the convenient

approximation,

[A.5] Rpog © exp (-A/T)

so that y = - log(RBcs) and x = 1/T. These formulae are adequate for
estimating the importance of various sources of error; however, wherever

actual results are given, the Pippard limit formula has been used.

A.1 Measurement of the energy gap

A) Statistical analysis of fluctuations

A simple estimate of uncertainties in A can be made by assuming
that each data point, (xi,y:.L ), satisfies
[A.6] y; =Ax; + b+ e 7
where Y3 iﬁ the log of the BCS resistance, Xs is l/Ti’ A is the gap,
and b is a constant. The subscript, o, identifies the true values of A
and b as opposed to the observed values. The errors, e., are assumed to

be independent, and to have an expectation value, <e;>, of zero, and a
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variance of <e2>, so that <eiej> = Gij <e2>. The observed value is

found by minimizing E in equation [A.4]. The result is

L w - x 'y, _ Lw:y.
oo [ g s )
x 171 17
, _ L W X ' LW, x> o
where X = v—— and V= ——2 _ %
L w. ! X Lw
i 2
are the mean and variance of the input variables, X; . Substituting

[A.6] into [A.7] gives:

[A.8] A=A +

The w’s and the x’s are assumed to be "correct", so the expectation

value and standard deviation of A are:

L w?'x?
i

e 12
(L W xi)

[A.9] A= Ao “« 0, , where 6? = <ez> )

The standard deviation becomes more recognizable if we replace one of

the factors of A in the numerator with its mean value, (Zwi)/N, so

[A.10] 0% = %2

(This approximation typically changes L by less than 15%.)

One may then either deduce <02> from knowledge of the apparatus,

2

or use the experimental value, <e2> ~ E° from [A.4].
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B) Temperature measurement errors

Equation [A.5] has the solution:

8 (log (RBCS)

o

If, instead of the true (reciprocal) temperature, X, We use an observed
temperature, x, the observed A becomes:

0
Ao'[ 5;2 - 17] Iet * O1¢

The only way we have of estimating the magnitude of (on/ax - 1) is to
compare 2 thermometers, and use the derivative of one temperature
measurement with respect to the other. The expectation value and the
uncertainty in axo/ax can then be calculated by the least squares method
described in section A.1A. For future reference, we denote these

consistent errors and their uncertainties as:

Ox

[A.11] Ao'[ I - 1] =0, *0s

ct t

If the thermometers were "well behaved", the value of axo/ax would
not differ from one by much more than the calculated uncertainty;
however, this is frequently not the case. The origin of these
consistent errors is incompletely understood, although one source is
probably the heating of individual resistors by stray RF in the
cryostat. This phenomenon has frequently been néticed and measured.
Two features are worth noting. Although the temperature dependence of
this heating at a given RF level is in reasonable agreement with the
1/T3 law for the heat capacity of solids, the typical RF level in the

cryostat varies with temperature in a manner that may be similar to T3
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so that the actual temperature dependence of these errors is
unpredictable. Fortunately, the spatial distribution of the RF is very
nonuniform. The resistor leads probably act as antennas with arbitrary
impedances. As a resuyt, the degree of RF heating of two different
resistors will be substantially different even if the resistors are
located very close together; This makes 0o 2 useful estimate of the

magnitude of this effect.

C) Observed and expected errors in the data
The most obvious source of random errors is the limited accuracy
with which time constants, 7, can be read from the oscilloscope.
Following the notation of [A.6], we have, (ignoring the external § and
residual resistance),
y = log(T) + const.
the differential of which is

dy=—d:—

The accuracy of oscilloscope measurements is limited to about 2% by the
thickness of the line which is observed on the screen, so ((e2>)1/2
should be about 0.02.

Equation [A.10] converts (e2> into errors in the energy gap. A
| typical value of N1/2 is ~-4.5, and Vx is roughly one third of the range
of reciprocal temperatures, or about 0.1 deg_l. Figure A.1 is a
histogram of the calculated errors in the gap due to fluctuatioms.
There is a peak near 0.04 degrees, as expected, but also a substantial

tail toward higher values, indicating that other errors sometimes occur.
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Figure A.1 Histogram of predicted errors in energy gap based

on observed fluctuations in the data.

Germanium resistors can Be read quite accurately. Most
measurements are recorded to within one or two parts in a thousand,
including errors resulting from the time which elapses between
measurements of time constants and temperatures. Using the approximate
relations, T « exp(on) ,and x « 01/2 vwhere {l is the resistance of thg

Ge resistor, we get

or .["o"‘].m 5 20
T 2 n =~ "0
So a 0.2% error in thermometer resistance is roughly equivalent to a 1%

error in time constant. Random fluctuations in temperature measurements

have been monitored by comparing separate resistors, and they usually
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Figure A.2 Histogram of predicted errors in energy gap based

on systematic discrepancies between thermometer measurements.

have a standard deviation of about 0.1%. In any case, these
fluctuations are already included in Oe which is shown in figure A.1l.

Consistent temperature errors, 0 _, (see eq.[A.9]), are shown in
figure A.2. Comparison with figure A.1 shows that the consistent errors
are at least as important as the errors due to fluctuations of
individual data points. The absence of a peak at Ot = 0 suggests that
this formula may substantially exaggerate the reliability of the
thermometers in those cases where L3 happens to be less than 0.02
degrees. The quantity,

2

1/2
c (act

[A.12] o

+ 0.001 (deg?))

is probably a better estimate of the effect of thermometer errors on the

gap.
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Figure A.3 Energy gap values (without error bars) as a
function of predicted total errors, showing increased spread in

data with increased UT.

Comparison of predicted errors with scatter in the values of A:

Error analysis of energy gap measurements is particularly
convenient since no evidence has been found to indicate that the gap
actually changes from test to test. Figure A.3 is a scatter plot which
shows the measured values of A as a function of the sum of the predicted
errors,

[A13]  op = (02 +0.001 deg? y1/2
In figure A.4, these data have been divided into groups according to the
value of Onp- The error bars show the mean gap value and RMS deviation

for each group as a function of the average Op- Since there are roughly

10 points in each group, the lengths of these error bars are significant
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Figure A.4 Mean value and RMS deviation of energy gaps. Data
separatea into groups of 10 according to predicted errors, O
Dashed lines are A = 17°K*20T.
to + 30%. The error bars fit reasonably well within the region bounded
by A = 17°K = 20T. The origin of this factor of 2 is partially
understood. Both components of Opy O and Oy aTe probably low
estimates. Computer simulations (section 4D) show that Op
underestimates the effect of fluctuations by a factor of -1.7 = 0.2 ;
o, is just the minimum believable error for the thermometers. In any
case, figure A.4 is empirical evidence that
[A.14] o = 20,

is a reasonable estimate for the accuracy of individual gap

measurements.
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A.2 Measurement of BCS Resistance at Specified Temperatures

Measurement of RBCS(T) requires evaluation of the comstant, b,
which minimizes E (Eq. [A.4]). The result which corresponds to equation

[A.8] is

L w e,

_ AT . i i
[A.15] b=b_ + (A - A)X+ —=

1

which contains both explicit errors,e,, and implicit errors in A. The

observed value of RBCS(T) is

1 1 — E Wi'ei
[A.16] - 1°g(RBcs(T)) = A.(T) +b = A'x+ A(T - x) + __E_;;T_
If T is chosen to be nearly equal to 1/x, then the errors in A are

unimportant. For our data, this occurs near T = 2K. The analog to

[A.9] is then

. o TS SRt 1
- og(RBCS(T)) = A (T) +b = Ax+ A (T - x) + Lw,
1

Since (<e2>)1/2 is usually around 2%, we conclude that fluctuationms
typically account for an error of ~ 1/2 % in RBCS(2).

A larger uncertainty arises from the consistent errors in
temperature measurement. Again, our only way to estimate this error is
to compare data from two different germanium thermometers. The mean

value of the difference between two thermometer readings during a

typical test is in the range of 0 .002 degrees. Since

-A/T dBpag p 47T
« e T T ™
Rpes Racs T '

this difference leads to an error of at least 2% in RBCS(2)°
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The data in figures 1.3, 1.4, and 1.5 are in reasonable agreement
with this analysis. At 2°K, the typical spread in BCS resistance for a
given RRR is plus or minus 3 or 4 percent. At 4.2° or at 1.33° these

errors have grown to almost + 10 percent.‘
A.3 Measurement of Residual Resistance

Residual resistance is determined from the last few (lowest T) data

points in each test. The time constant measured on the scope is given

by

4.6 _ 270

[A.17] == = Rres * RBCS *
' ext
vwhere 7 is in seconds, R is in nfl, and Q is in units of 109. The
differential of this is
AT _ 270 .
~4.6 2 d Rpog + d R o+ Q2 d Qoye
ext

or

- d d g
18] 48y, = () -y (2 - 2 (2

The relative error, d7/7, is about .02, and d(RBCS)/RBCS can be seen
from figure 1.4 to be about 0.1. The external § is determined from the
coupling constant, f, by the formula, Qexb = WT'(1+1/ﬂ): A typical
value for f at low temperatures is ~12/Qext. The actual value can be
measured to *+ 10%, so, ignoring errors in T, the relative uncertainty in

external § is
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d Qoyt 1 .(d 0.1
== = 1+p'[‘§]“1+12/qext

Q

ext

Using [A.17] for the value of 7,and adding independent errors in

quaduature,

270

error in R J[(Rres BBCS Q ) (o 02)] + [o 1 B'BCS 2:+12]2

Since both RBCS and Rres are roughly equal to 10 nfl in the region of

interest, the error in residual resistance is

5

ext

04+ 727+ @+ {1an)? [Q +12]

vhere the Q’s are in units of 109. The one nfl in curly brackets is an
estimate of the effect of magnetic field in the cryostat. The term in
square brackets is the uncertainty in the coupling, which affects the
absolute values of residual resistance, but does not affect the
differences between successive measurements on the same cavity unless

the RF probe has been moved.
A.4 Simulation of Error Propagation

Due to limited confidence in our analytical estimates of error
propagation, we have done several computer experiments to determine the
effect of random errors in time constant measurements on the final
results. For each experiment, nine simulated runs were generated and
then analyzed. Data for each run consisted of 18 reciprocal
temperatures spaced evenly between 0.37 and 0.71 (deg-l). The time

constants for these temperatures were calculated from the Pippard limit
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TABLE A.1

Simulation Results

Exp Qext Rres RBCS Gap f

1 3 E9 10.5*.6 5.01+.19 17.24*.13 .069+,010
2 3 E9 10.2+.8 5.,13+.13 17.17+.075 .069+.,014
3 1 E10 10.3+.3 5;04*.07 17.21+.046 040,006
4 1 E10 9.9+.4 5.13+.09 17.16+.051 .043+,006
b 3 E10 10.1+#.5 5.08+.13 17.19+,088 .032+,004
6 3 E10 10.0+#.3 5.10%.09 17.07+,054 .033+,004
7 (4) 1E10 10exact 5.10%.07 17.17+.049 .045+,005
8 (5) 3 E10 10exact 5.12%.05 17.17+.036 .037+,004

formula and then multiplied by (1 + 0.02'e) where e is a pseudorandom
number between -1 and 1. The parameters used to calculate the timé
constants were A = 17.2°, RBCS(1.33°K) = 5nfl, and Rres = 10 nfl. The
external § varied from experiment to experiment. The analysis of each
run gave "observed" values for four parameters: Rres’ RBCS(1.33°), A,
and Og- Table A.1 shows the mean values of these parameters for each
experiment. The uncertainty listed for each parameter is the RMS spread
in the results, which is an estimate of the reproducibility of
individual measurements.

The first three pairs of experiments show simulated results at
three different external Q’s. Experiments were done in pairs in order
to illustrate the effects of different random number seeds. The results
are about as expected, except that the actual errors in A consistently
exceed the predicted errors, Op- For these six experiments as a whole,

the ratio of actual to predicted errors in A is ~1.7 = 0.2.
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Measurements at Qext =3X 10g are not as accurate as those at { 1

ext
X 1010, but little is gained from further increases in external §. The

simulated errors are generally much smaller.than the scatter in the real
results, but this may anly reflect the absence of consistent errors in
the simulations.

Experiments 7 and 8 reanalyzed the data from experiments 4 and 5,
using the correct residual resistance, 10 nfl, instead of searching for
the residual that gave the best fit. The search procedure necessarily
lowers ¢, but only slightly. Searching also contributed to errors in A

and RBCS(1.33K), possibly accounting for much of the difference between

g and the actual errors in A.

A.Bb Conclusion

Errors in the prefactor of the BCS resistance and in the energy gap
have very similar origins. The are due to the limited accuracy of
oscilloscope readings and to drifts in temperature measurements. The
drifts are imperfectly understood, but there is adequate statistical
evidence to indicate that these errors are only slightly larger than
those associated with the oscilloscope.

Errors in the residual resistance are due to errors in the BCS
resistance, errors in reading the last few time constants from the
oscilloscope, errors in measuring the coupling constant, and magnetic
flux in the cryostat. All of these sources contribute similar amounts

to the total error.
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In general, the errors that were observed were rarely much more than
twice the minimum values which are inherent in this experimental

technique, and in the quality of standard laboratory equipment.
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