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Zusammenfassung

In vielen Teilchenbeschleunigern werden supraleitende Hohlraumresonatoren verwendet,
um hohe Beschleunigungsgradienten bei niedrigem Enegieverbrauch zu erzielen. Die Ener-
gieaufnahme eines Hohlraumresonators ist proportional zu seinem Oberflichenwiderstand
Rg, welcher von den dusseren Parametern: Frequenz, Temperatur, magnetischem und
elektrischem Feld abhéngt. Insbesondere existiert kein allgemein akzeptiertes Model, wel-
ches die Erhéhung von Rg mit der Feldstirke beschreibt.

Im Rahmen dieser Arbeit wurde der 400 MHz Quadrupole Resonator fiir Oberflichen-
widerstands und kritische HF-Feldmesssungen bei 800 und 1200 MHz erweitert, was ihn
zu einer weltweit einzigartigen Messapparatur flir supraleitende Materialien macht.

Verschiedene Proben wurden untersucht und dabei zeigte sich, dass Rg im Falle starker
Oxidation hauptsédchlich durch das elektrische HF-Feld verursacht wird. Dies kann durch
Austausch von Elektronen zwischen dem Supraleiter und lokalisierten Zustinden in an-
grenzenden Oxiden erkldrt werden. Falls die Oberfliche jedoch gut prapariert ist, wird
Rg hauptsiichlich durch das HF-Magnetfeld verursacht und faktorisiert in temperatur-
und feldabhéngige Anteile.

Mithilfe von Ultraschall-Kraftmikroskopie und Réntgenphotoelektronenspektroskopie
konnten die unterschiedlichen Verlustmechanismen mit der Topographie und der Vertei-
lung der Oxide auf den Oberflachen in Zusammenhang gebracht werden.

Abstract

In particle accelerators superconducting RF cavities are widely used to achieve
high accelerating gradients and low losses. Power consumption is proportional
to the surface resistance Rs which depends on a number of external parameters,
including frequency, temperature, magnetic and electric field. Presently, there is
no widely accepted model describing the increase of Rs with applied field.

In the frame of this project the 400 MHz Quadrupole Resonator has been ex-
tended to 800 and 1200 MHz to study surface resistance and intrinsic critical RF
magnetic field of superconducting samples over a wide parameter range, establish-
ing it as a world-wide unique test facility for superconducting materials.

Different samples were studied and it was shown that Rg is mainly caused by the
RF electric field in the case of strongly oxidized surfaces. This can be explained by
interface tunnel exchange of electrons between the superconductor and localized
states in adjacent oxides. For well prepared surfaces, however, the majority of
the dissipation is caused by the magnetic field and Rg factorizes into field and
temperature dependent parts.

These different loss mechanisms were correlated to surface topography of the
samples and distribution of oxides by using ultrasonic force microscopy and X-ray
photon spectroscopy.
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1. Introduction

1.1. Applications of Superconducting Cavities

The superconducting technology for radio frequency cavities (SRF) will play a
key role for many future high current and/or high energy accelerator projects.
It was opted for and successfully exploited in different large scale accelerator
projects, such as CERN'-LEP?, JLAB?*-CEBAF* or ONL’-SNS®. An overview of
these projects with a focus on the SRF challenges can be found in [1]. In addition,
the SRF technology was selected for future projects such as the European XFEL?,
ESS®, HIE-ISOLDE? and studies, such as the ILC!® or the CERN-SPL!, which
will push its limits even further. The references given in the footnotes summarize
the recent SRF progress for each project or study.

The main advantage of superconducting cavities compared to normal conducting
ones is the 5-6 orders of magnitude lower surface resistance Rg, which is propor-
tional to the power dissipated in the cavity walls. Even though superconducting
cavities need to be operated at cryogenic temperatures, requiring additional re-
frigeration power, their application can reduce the required grid power by several
orders of magnitude. The highest incentive for using them is therefore for acceler-
ators operated in continuous wave or at high duty cycle.

All accelerators mentioned above rely on cavities made of niobium, the element
with the highest critical temperature and critical field |7]. Superconducting cavities
of other materials are rarely used. Examples are the PbSn plated accelerators at

! European Organization for Nuclear Research

(M

Large Electron-Positron Collider

Thomas Jefferson National Accelerator Facility
Continuous Electron Beam Accelerator Facility

5 Oak Ridge National Laboratory

Spallation Neutron Source

7 X-ray Free Electron Laser [2]

8 European Spallation Source [3]

% High Intensity and Energy Isotope On-line Detector [4]
Ynternational Linear Collider [5]

" Superconducting Proton Linac [6]
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the Stoney Brook University [8] (decommissioned in 2007) and the Australian
National University (ANU) [9]. The application of new materials, with better
superconducting properties than niobium such as Nb3Sn or Mgy,B is currently
under investigation [10]. Another approach to increase the quality factor and
accelerating gradient is to use multilayers of superconducting and insulating layers
[11]. These new materials and multilayers are investigated by several laboratories
for possible future projects, but have not been exploited for particle accelerators
yet.

In this thesis focus is set on the widely used niobium technology. Two different
methods for manufacturing niobium RF cavities are exploited. They are either
built of bulk material or a micrometer thin film'? is deposited on the inner surface of
a copper cavity. The latter approach has been successfully used at CERN for LEP
and LHC!3. It has several advantages compared to the bulk niobium technology.
Copper is widely available and can be procured at lower cost, while about 85 %
of the world production of niobium comes from only one country, Brazil [12].
Copper has a high thermal conductivity. This helps to avoid one of the possible
failures of superconducting cavities, transition to the normal conducting state due
to heating of a local defect, called quench. Usually niobium films are of lower purity
than bulk niobium. This implies less dissipation from thermally activated normal
conducting electrons, because the surface resistance of niobium is not at minimum
for highest, but rather for intermediate, purity material. Finally, thin film cavities
are less sensitive to trapped flux from the earth’s magnetic field. Experiments
have shown that the additional dissipation from trapped magnetic flux of thin film
cavities is usually negligible compared to the overall losses [13|. For a well prepared
cavity of high purity bulk niobium, operated at 2 K, the surface resistance can be
several times higher if no shielding against the earth’s magnetic field is applied.
Therefore, for accelerator projects, based on bulk niobium technology, such as the
SPL, magnetic shielding needs to be integrated in the mechanical layout [6], while
machines based on the niobium film on copper technology such as LHC or LEP
do not require magnetic shielding.

Despite all these advantages of niobium film cavities, bulk niobium technology
was chosen for all future superconducting linear accelerator applications relying on
a high accelerating gradient, such as CEBAF upgrade, European XFEL and ILC.
The reason for this is the lower increase of the surface resistance with accelerating
gradient for bulk niobium cavities. The different underlying loss mechanisms are
not fully understood yet. An experimental approach to reveal them is the inves-

12The thickness of niobium films used for superconducting cavities is large compared to the
penetration depth of the RF magnetic field applied. Effects relevant for films of a thickness
comparable to this penetration depth are therefore not considered in this thesis.

13Large Hadron Collider
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tigation of small superconducting samples by RF and surface analytic techniques,
as carried out in this thesis.

1.2. RF Characterization of Superconducting
Samples

For particle acceleration superconducting cavities are usually operated in their
fundamental transversal magnetic mode. This mode is denoted by TMg;o, where
the indices stand for the number of roots the longitudinal electrical field E,, parallel
to the beam axis, has in azimuthal, radial and longitudinal direction [14]. The
unloaded quality factor Qg of the cavity can be directly measured. It depends on
the surface resistance of the material and the cavity geometry:

G

=7 (1.1)

Qo

where (G is the material and size independent geometry factor, relating the surface
and the volume magnetic fields to each other

G — Wo o fV |B[2dV

Js|BJ*ds 2

Y

with the angular frequency wy = 27 fy, the vacuum permeability po and the mag-
netic field B'. Since G is dependent on cavity shape and excited mode, ()-values
of different cavities cannot directly compared to each other, if the underlying loss
mechanism shall be revealed. The physical value is the surface resistance, in-
versely proportional to ). Throughout the whole thesis the surface resistance will
be stated. In addition, the frequently used terms ()-Slope and Q-Drop, describing
a decreasing (increasing) Q-value (surface resistance) with applied field will also
be used. The surface resistance may vary strongly over the cavity surface and the
value obtained from Eq. (1.1) is the average Rgs over the whole surface [16].

A more convenient way to investigate the surface resistance of superconducting
materials is to examine small samples, because they can be manufactured at low
cost, duplicated easily and used for further surface analyses. Pillbox cavities ex-
cited in the TEq;-mode'® with a sample attached as cover plate are often used

14Tn this thesis the convention of [15] is followed. For simplicity there is no distinction between the
magnetic field B and the magnetization field H unless explicitly stated. This is not necessary,
since the magnetic fields of interest are all created by macroscopic currents.

15In transversal electric (TE) modes, the indices denote the number of roots the longitudinal
magnetic field has in azimuthal, radial and longitudinal direction [14].
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ol
Figure 1.1.: False color plot of the magnetic field B parallel to the surface in a cylindrical
pillbox cavity excited in the TMg;o and the TEp;; mode. The geometry of the
cavity is optimized to lowest volume for a given resonance frequency in the TEq1-

mode. For this geometry the resonance frequency in this TEgq1-mode is 1.95 times
higher than fy the resonance frequency of the fundamental TMg;; mode.

for material characterization. The TEg;;-mode is chosen, due to its convenient
field configuration; It has no magnetic field and therefore no RF currents across
the joint, where the demountable end plate sample is attached to the cavity, see
Fig. 1.1. The electrical field is vanishing over the whole cavity surface. This helps
to avoid multipacting and field emission and enables the separate measurement
of losses caused by the magnetic field. The biggest drawback of TEg;-cavities is
their large size for frequencies of interest concerning accelerator applications. The
resonant frequency fy of a pillbox cavity with radius r excited in the fundamental

TMOll—mode is [16] 5 405
. C
Jo= : (1.3)

2rr

where ¢ is the vacuum velocity of light. When the geometry of the cavity is
optimized to lowest volume for a given resonance frequency in the TEq;;-mode the
resonance frequency in this mode is 1.95 times higher than f,. For example if one
wants to investigate samples with a radius of 2.5cm using such a pillbox cavity,
the resonant frequency in the TEg;;-mode would be 8.96 GHz. This value is large
compared to resonant frequencies of superconducting cavities used for particle
acceleration, which are between about 70 MHz for heavy ion accelerators [1] and
3.9 GHz for the third harmonics cavities of the Free-Electron LLASer in Hamburg
(FLASH) [17].

There are three measurement techniques to derive the surface resistance of su-
perconducting samples. In the following, these approaches are briefly introduced
and an overview of systems currently in use for superconducting cavity material
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characterization is given.

The end-plate replacement technique is used since more than 40 years [18].
It requires a reference sample of known surface resistance Rg. Once the quality
factor of the cavity with the reference sample attached has been measured it can
be exchanged by another sample of unknown surface resistance. From the change
in ()-value the surface resistance of the sample can be derived.

Despite of its lower resolution compared to the other techniques introduced
below, this approach is still used, since it allows for designing simple systems and
performing quick tests. Recent measurements on MgyB samples performed with
a mushroom shaped TEg3-cavity at Stanford Linear Accelerator Center (SLAC)
can be found in [19]. Unlike all other systems which will be mentioned in this
section this cavity is not built of a superconducting material, but of copper. This
has the advantage that the cavity cannot quench and its surface resistance is
independent of electromagnetic field strength. The drawback is an even lower
sensitivity compared to a system of identical shape and measurement technique
made of a superconducting material. The copper cavity gives an accuracy of 0.1-
0.2mf2 at 11.4 GHz, which corresponds to approx. 1-2uf) at 1.3 GHz. Niobium
cavities operated at this frequencies typically have surface resistances of a few
nanoohms [20]. Therefore, two cavities of identical shape, but different material
are currently being developed. One will be made of bulk niobium while the other
one will be made of a thin niobium film sputter coated onto a copper cavity [19].

The thermometric technique allows to derive Rg independently of a reference
sample. Placing several temperature sensors on the back side of the sample enables
to obtain Rg from the temperature increase caused by RF exposure. This technique
requires knowledge of the heat capacity and thermal conductivity of the sample
material for an accurate absolute measurement of the sample surface resistance.
At Cornell University a sensitivity of about 10nf2 has been achieved with a
5.9 GHz niobium pillbox cavity excited in the TEg;;-mode. They will also apply
the thermometric technique to a mushroom shaped cavity which can be exited at
4.8 GHz (TE¢12-mode) and 6.2 GHz (TE3-mode) [21]. The two cavities will be
used to test Nb3Sn samples produced by vapor diffusion coating process [22].

The RF-DC compensation technique allows to derive the surface resistance
from a DC measurement. In a calorimetric system the sample and the host cavity
are thermally decoupled. A DC heater (resistor) and at least one temperature sen-
sor are attached to the back side of the sample. This allows for independent control
of the sample temperature. For details on this technique, see Sec. 3.3. Currently,
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there are three calorimetric systems for the RF characterization of superconducting
samples in use.

A cylindrical TEg;;/TEq2-cavity enabling measurements at 4 and 5.6 GHz has
been developed in collaboration between CEA Saclay and IPN Orsay [23, 24]. The
cavity has been used for systematic studies of the surface resistance of sputtered
niobium on copper samples. Substrates of different roughness have been inves-
tigated. A correlation between substrate roughness and surface resistance was
found |23]. Recently, a modified version of this cavity has been constructed and
commissioned for investigations of thin film samples of different materials [25].

At JLAB a sapphire loaded TEg;;-cavity for measurements at 7.5 GHz has re-
cently been commissioned [26]. It was designed to measure the surface impedance
of samples sufficiently small to be accommodated in commercial surface charac-
terization instruments, surface treatment facilities and laboratory-based thin film
deposition equipment. Placing a sapphire rod in the middle of a cylindrical cavity
lowers the resonant frequency, allowing to install samples of 50 mm diameter as
end plate in a 7.5 GHz cavity. The cavity has been commissioned with a bulk
niobium sample brazed on to a copper substrate and recently been used for tests
of a MgB, sample [27].

The Quadrupole Resonator at CERN is the only system running at frequencies
of interest concerning accelerator applications. It can be excited at 400 MHz and
multiple integers of this frequency. Its design, based on a four wire transmission
line resonator, yields a geometry, where the sample size is independent of the
resonance frequency. While the samples of all other systems introduced above are
only exposed to magnetic field, the Quadrupole Resonator samples are exposed
to electric and magnetic RF fields simultaneously, as are superconducting cavities
operated in the accelerating TMgjo-mode. The Quadrupole Resonator has been
used since 1999 for measurements at 400 MHz [28-30]. It has been refurbished in
the framework of this thesis for measurements at 400, 800 and 1200 MHz and also
to probe the critical RF magnetic field of different samples [31-33]. A detailed
description of the device will be given in Chap. 3.
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1.3. Objectives and Structure of this Thesis

Identifying the loss mechanisms of superconducting niobium enables an accurate
determination of design parameters for future accelerators and points to research
topics required to mitigate present limitations. The power consumption of a cavity
is proportional to its surface resistance Rg. The two fluid model, introduced in
Chap. 2, describes how Rg depends on temperature, frequency and to some ex-
tent on the purity of the material. A better agreement with experimental results,
especially for materials of low purity, is achieved by using the microscopic BCS
theory. According to BCS theory and the two fluid model Ry is independent of
applied field strength and vanishes at zero Kelvin. Since this is in contradiction
to cavity measurements, several models accounting for these additional field de-
pendent and residual losses have been proposed. They are reviewed in Chap. 2.
None of them can explain all experimental results and there is strong evidence that
some loss mechanisms are only relevant if certain surface preparations are applied.
Ultimately performance of superconducting cavities is limited by the critical RF
magnetic field Beiq rr, which in the case of niobium can exceed the thermodynamic
critical field, at least for temperatures close to the critical temperature. Whether
Byt vy is limited by a metastable superheating field or by a field related to a ther-
modynamic energy balance (vortex line nucleation model) is an open issue and is
especially relevant for the application of materials other than niobium for possible
future accelerator projects.

In order to measure Rg and B rr Over a wide parameter range on supercon-
ducting samples representing cavity surfaces, the 400 MHz Quadrupole Resonator
has been refurbished. Its mechanical and electromagnetic layout are studied in de-
tail in order to extend the measurement range to 800 and 1200 MHz, see Chap. 3.
The magnetic field distribution on the sample surface is almost identical at 400,
800 and 1200 MHz, while the ratio between the electric and magnetic field is highly
dependent on frequency. This allows for unique material test, especially for inves-
tigations of the field dependent surface resistance.

Measurement results on Rg and B,y gr obtained with the Quadrupole Resonator
are presented in Chap. 4 and compared with the predictions given from the models,
introduced in Chap. 2. Investigated are bulk niobium and niobium thin film on
copper substrate samples. The field dependent surface resistance of well-prepared
bulk niobium is found to be caused by the magnetic field and factorizes in field and
temperature dependent parts. For a strongly oxidized niobium thin film sample
it has been measured that the increase of Rg is mainly caused by the surface
electric field. This increase depends only slightly on temperature. An explanation
for these observations is given by a novel interpretation of the interface tunnel
exchange model. For samples of low purity the vortex line nucleation model gives
a lower predictions for B rr than the superheating field model. For niobium
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of high purity it is the other way round. It is measured that the lower estimate
always defines B, rr. Therefore both models can set limitations to Beyit rr-

In order to correlate the different loss mechanisms to the surface properties, the
samples have been tested by various surface analytic measurements, see Chap. 5.
The roughness has been measured with white light interferometry and atomic
force microscopy. A light microscope and a scanning electron microscope have
been used to determine the grain size of the different samples. Their material
composition and distribution of oxides on the sample surfaces have been examined
by ultrasonic force microscopy and X-ray photon spectroscopy. From the combined
results it is found that the small grain size and high NbyO5 content of niobium
thin film samples can give rise to crack corrosion along grain boundaries. This
causes the additional losses from interface tunnel exchange.



2. Performance of
Superconducting Cavities

Superconductivity was discovered 1911 by Kammerlingh Onnes. He measured a
vanishing resistance of mercury, when cooled in a liquid helium bath to 4.2 K [34].
The charge carriers in the superconducting state are called Cooper pairs. A Cooper
pair is a bound state of two electrons with opposite spin. It can move through the
lattice without being scattered, resulting in zero resistance. Vanishing losses are
only observed for direct currents (DC). A superconductor carrying an alternating
current (AC) has a non-vanishing surface resistance for temperatures above 0K
[35]. An explanation for this effect is given in Sec.2.2. While the increase of the
surface resistance with temperature at low magnetic field is well understood, there
is no widely accepted model, which can explain how the RF losses are correlated
to the applied electromagnetic field strength [36, 37]. Several models accounting
for this field dependent surface resistance are introduced in Sec. 2.3.

Since the first exploration of superconducting cavities in 1965 at Stanford Uni-
versity [38] their performance has been steadily increased. The first cavities were
limited by multi impact electron amplification (multipacting) to accelerating gra-
dients of about 2 MV /m. This limitation has been overcome by rounding the edges,
which resulted in an elliptical cavity shape. Afterwards superconducting cavities
were either limited by thermal breakdown (quench) or field emission [16]. Multi-
pacting and field emission are described in the Appendix, while thermal breakdown
is subject of Sec.2.4.5. High pressure rinsing and clean room assembly can sup-
press field emission, while thermal breakdown can be shifted to higher fields by
using high purity niobium with a good thermal conductivity [39].

A few single cell cavities have recently reported to be performing at or close
to the theoretical limit set by the critical RF field [40]. The exact value of this
field and its correlation to the surface properties have been under investigation
for more than 30 years [41], but are not fully understood yet, see Sec.2.4. The
majority of superconducting cavities produced, however, are not reaching such
high accelerating gradients at an economical quality factor. They are limited by
an exponential increase of the surface resistance at high fields [39]. This effect is
referred to as Q-Drop and can occur without field emission.
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Figure 2.1.: Surface resistance of a 400 MHz LHC cavity measured at 2.5 K for acceptance test
in 1999 [42-44]. The uncertainty is about 10 % for each data point. The BCS value
has been calculated using [45].

2.1. Performance of LHC Cavities

The LHC cavities are built of a micrometer thin niobium film DC magnetron
sputtered onto a copper cavity. The same technology was already applied for the
upgrade of LEP [46]. Figure 2.1 shows the surface resistance as a function of peak
magnetic field B, of a 400 MHz LHC cavity measured at 2.5K'. The curve dis-
played was measured in a vertical cryostat in February 1999 in the framework
of the acceptance tests for the LHC. The performance of the cavity fulfilled the
requirements to be installed in the accelerator [42-44|. The uncertainty of the mea-
sured surface resistance is approximately 10 % for each data point [47]. An exact
error calculation is not available, since this was not of interest for the acceptance
tests.

The surface resistance for lowest field value is about 30 n{2 higher than predicted
for losses from thermally activated normal conducting electrons (BCS value) [45].
This residual resistance R, is a general property of superconductors and therefore
also observed for bulk niobium cavities. Recent tests of such cavities used for
CEBAF, XFEL and SNS show that a residual resistance of approximately 10 n{2
can be obtained on a regular basis for this technology [48]. Similar values have been
achieved on 1.5 GHz single cell niobium film on electropolished copper substrate

! In the LHC the cavities are operated at 4.5 K, but in the framework of the acceptance tests,
measurements at 2.5 K have also been included.
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cavities [49].

For fields below 5mT a strong increase Rs(B,) is observed in Fig.2.1. This
effect is usually not seen for bulk niobium cavities. Here, the opposite behavior
is often measured. The surface resistance is decreasing up to fields of a few mT,
where Rg is at minimum [16]. In the field region between 5 and 30 mT the surface
resistance of the LHC cavity, Fig. 2.1, increases less strongly with B, as for lowest
fields, indicating a saturating loss mechanism.

Above 40mT the surface resistance of the LHC cavity (Fig.2.1) increases ex-
ponentially. This value is low compared to bulk niobium cavities. Here the onset
of the exponentially increasing surface resistance (Q-Drop) is usually measured at
100-130mT [1]. In case of the data displayed in Fig.2.1 the exponential increase
coincided with the observation of X-rays. The cause can therefore be identified
with field emission. Technically it is incorrect to calculate a surface resistance
from a )y measurement when the losses are caused by field emission. The direct
measure was (Jp and Rg was derived using Eq. (1.1). Nevertheless, it was chosen
to display the surface resistance as a function of field here, so that the curve can
later be compared with measurements carried out with the Quadrupole Resonator
in the framework of this thesis.

2.2. Low Field Surface Impedance

2.2.1. The Two Fluid Model of Superconductivity

The surface resistance of superconductors can be understood in the framework
of the two fluid model [50]. It assumes that the current in the superconductor
is carried by two components (fluids). One component, moving without friction,
but carrying inertia is represented by the Cooper pairs. The other component is
identified by thermally activated, normal conducting electrons.

Consider an alternating magnetic field B, (t) = Bye™! parallel to the surface of a
superconductor. The superconductor shields its interior from the magnetic field by
a current on its surface. The magnetic field is only able to penetrate in a depth A
(typically a few tens of nanometers for niobium). This is defined as the z-direction
here, while x and y are perpendicular to z and parallel to the superconductor’s
surface.

From Faraday’s law of induction the induced electric field E created from the
time varying magnetic field B in the surface layer is

%Edl = —i//f?da;dz. (2.1)
s dt

Assuming the magnetic field to be exponentially decaying over the penetration
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2. Performance of Superconducting Cavities

depth )\, as predicted by London theory [51]
B = Bye */*, (2.2)

for a sufficiently large integration area (z > \) Eq. (2.1) can be written as

/de: —iw)\/édx. (2.3)

Since Eq. 2.3 is also locally valid [52], one can obtain
E = —iw)\B. (2.4)

The power dissipated in the material is
p- /O|Ey2dv - —Aa/ |E|2dady, (2.5)

where F is averaged over time. The normal state conductivity at the transition
temperature o is related to the purity of the material, via the residual resistance
ratio RRR

0= RRR - 09,

with the conductivity at room temperature og. Combining Eqgs. (2.4) and (2.5)
yields

P= oﬂﬁa/ | B|2dxdy. (2.6)
The surface resistance Rg describes the power dissipated over an area A = dzdy
R .
P = —§/|B|2dxdy. (2.7)
Ho
Equating the right sides of Egs. (2.6) and (2.7) and resolving with respect to Rg
yields the surface resistance of a superconductor in the two fluid model

Rs = ouiw’\*. (2.8)

A surprising result from this derivation is that the surface resistance in the
superconducting state is proportional to the normal state conductivity o. This
becomes clear when the correlation of o to the density of thermally activated
normal conducting electrons n is considered. This number is zero for T=0K and
increases exponentially with temperature up to T, where all Cooper pairs have

12



2.2. Low Field Surface Impedance

been thermally activated to normal conducting quasiparticles:

1c

=3 (2.9)

A
Rsocagocnocexp(—ﬁ>, T <
B

where A is the superconducting energy gap and kp the Boltzmann constant.
Equation (2.8) is the real part of the magnetic surface impedance Zy. The
imaginary part is correlated to the magnetic field penetration depth A

ImZy = Xg = wug. (2.10)

The two fluid model can qualitatively describe the temperature dependence of
superconducting cavities, except for a residual resistance Rges typically of a few
nanoohms. The quadratic increase with frequency is well observed for frequencies
below approx. 10 GHz [53]. Corrections to the two fluid model, considering the
microscopic BCS theory are introduced in the following section. These corrections
enable to give quantitative predictions for the surface resistance for fields below
approx. 15 mT [53].

2.2.2. BCS Treatment of Linear Surface Resistance

In 1957 Bardeen, Cooper and Schrieffer introduced the first microscopic theory
of superconductivity [54]. Based on this BCS theory expressions for the surface
impedance have been worked out by Mattis and Bardeen [55]. The expressions have
been derived using zero field perturbation theory. Therefore it is not surprising
that they are only valid for low electromagnetic fields. It is impossible to give a
simple analytical formula for the surface resistance as a function of temperature,
frequency and possible other parameters, as has been done using the two-fluid
model, Eq. (2.8). Usually the computer code written by Halbritter is used for the
calculation of Rg for given input parameters [45].

The Mattis-Bardeen expressions involve material parameters, like the BCS co-
herence length &y, the London penetration depth A, and the electron mean free
path [. While the two fluid model not considering these parameters can only give
a qualitative description of measurement results, the BCS theory agrees quanti-
tatively with measurements for cavities of high and low purity. For example the
two fluid model predicts the surface resistance to be at minimum for cavities of
lowest purity (lowest RRR). In reality the minimal surface resistance is neither
obtained for cavities of very low purity as predicted from the two fluid model, nor
for cavities of highest purity. In fact it is obtained for intermediate purity, where
[ =~ &y, which corresponds to a RRR of approx. 10 in case of niobium. This is the
regime of sputter coated niobium cavities as used for LEP and LHC. The low BCS
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2. Performance of Superconducting Cavities

resistance, which also stems from their low resonant frequency, allows for economic
operation at 4.5K. For | < &, the surface resistance is decaying with [. In this
regime Rg is dominated by impurity scattering. A useful approximation to the
Mattis-Bardeen expressions in the "dirty limit" (I < &) is [1]:

2 2 5 A A e AksT
RBCS = UpW O'()RRR . )\(T, l) /{;B_Tln ﬂ T (211)

In the "clean limit" (I > &) the surface resistance becomes independent of the
material purity. In this regime a useful approximation is [1]

A, NT, DY [ 12TAG \ _a
! /ksT 2.12
ok 0 OO T a2 )¢ (2.12)

Rpcs ~

The formula is altered compared to [1] to replace the effective conductivity oeg by
the conductivity at room temperature oy, since for this parameter literature values
are available [7].

The Mattis-Bardeen expressions as well as the approximations (Eqgs. 2.11 and
2.12) enable to give qualitative predictions for the surface resistance for fields well
below the critical RF field Bpaxrp. This theory predicts Rg to be independent of
B. In the following this contribution is referred to as the linear resistance. Linear
resistance means that the magnetic field is a linear function of the electric field
and Ohm’s law applies. If Ry itself depends on the magnetic field it is referred to
as non-linear.

The total surface resistance can be written as a sum of the BCS, the residual
and non-linear contributions, denoted by R,;:

Rs = Rpcs + Ryes + Ry, (2.13)

where the residual resistance R, is not explained by BCS theory either. While the
linear BCS surface resistance Rpcg is well understood, there is no widely accepted
theory for the non-linear surface resistance R, and the residual losses. In the
following section several models accounting for these will be introduced.

2.3. Non-Linear Surface Resistance and Residual
Losses

In this section different models, which go beyond just qualitatively explaining the
non-linear surface resistance are briefly summarized. All these models comprise
quantitative formulas for R, as a function of RF field in the medium field region
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2.3. Non-Linear Surface Resistance and Residual Losses

(below about 100mT), which can be tested by RF measurements. Arguments
are given as to whether or not these models can account for differences observed
between bulk niobium and niobium film cavities.

2.3.1. Pair Breaking, Thermal Feedback, Impurity
Scattering and Localized Heating

Pair breaking In BCS theory the energy gap A depends on temperature only. It
is considered to be independent of the applied magnetic field. For the clean limit
Gurevich worked out a theory considering breaking of Cooper Pairs in a current
carrying state. Pair breaking yields an increased density of normal conducting
electrons, corresponding to a decreased energy gap

A(vs) = A = prus|, (2.14)

vanishing at the critical velocity v. = A/pp, with the Fermi momentum pg and the
superfluid velocity |vs|. Equation 2.14 allows to derive a quantitative expression for
the non-linear surface resistance, including a quadratic increase for intermediate
fields (Medium Field Q-Slope) and an exponential increase for a peak magnetic
field B, > T'B./T. (Q-Drop), where B, is the critical thermodynamic field. For
intermediate fields Ry reads [56]:

e |5 () (3)

384 \ kgT B,
In general R, is a local property. If measurements on a surface exposed to an
inhomogeneous RF field are analyzed this has to be taken into account. Note that
Eq. 2.15 predicts the Q-slope to be more pronounced at lower temperatures. This
assumption can be conveniently tested on a single cavity or sample. In general,
experiments showed steeper Q-slopes than predicted by Eq. (2.15). An explanation

can be given by the thermal feedback model [57, 58| or additional heating at hot
spots.

Rpcs. (2.15)

Thermal Feedback The underlying idea of the thermal feedback model is that
the inner side of the cavity has a higher temperature than the outer side in direct
contact to the liquid helium bath. RF heating increases the inner wall temperature
of the cavity, yielding a higher surface resistance and therefore additional losses.
A temperature gradient between the RF side and the helium bath is created. For
a higher field this gradient is larger and therefore the additional losses increase.
The stronger medium field Q-slope of niobium film cavities can only be explained
by this model, if there is a high temperature gradient at the interface between the
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2. Performance of Superconducting Cavities

superconducting film and the copper substrate. Otherwise it can be excluded as
the major contribution due to the generally better thermal conductivity of copper
compared to niobium.

Impurity Scattering FEquation 2.15 is valid only for the clean limit (I > &) and
is therefore not applicable to niobium film cavities. So far in literature impurity
scattering has only been taken into account by a first order quadratic correction

to the BCS resistance Rpcg [59|
B2
LwT) | =2
V(Lw,T) ( Bc>

where v(I,w,T') is a function of the mean free path [, temperature 7" and frequency
f. The authors of [59] claim that in the clean limit 7 is of the order of unity in
Nb at T=2K and increases as the temperature decreases, similar to Eq. (2.15).
Note that the larger v becomes, the smaller the field range in which the first
order expansion in Eq. (2.16) is valid. According to [59], v decreases with [. The
BCS non-linearity is less pronounced if the surface layer is more contaminated
with impurities [59]. This is in contradiction to the stronger Q-slope observed for
niobium film cavities and the considerations of Palmieri [60].

Ry ~ Rgpcs, (2.16)

Weak Layer Palmieri finds that the medium Q-slope is more pronounced for
cavities with a low mean free path [. In |60] he proposes a model which gives a
quantitative expression for the low field Q-increase, the medium field Q-slope and
the Q-drop based on a weak superconducting layer on top of the bulk material with
standard superconducting properties. To account for the medium field Q-slope the
model comprises Eq. (2.14). This implies

A(vg) A PRUs
_2Ws) 2 PEbs 2.1
}@CS“EKP( hﬂ”) eXp< kBT”+kBT)’ (2.17)

Palmieri introduces

pets _ Bydocur (1) (2.18)
ksT  ksT  \ ps ‘
and
1 [
p_ = coth g s (219)

where p;s is the superfluid density, which is one at zero Kelvin and vanishes at the
critical temperature. The coth-dependence on mean free path could well account
for the stronger Q-slopes observed for niobium film cavities, because for small
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2.3. Non-Linear Surface Resistance and Residual Losses

values of [ the superfluid density is reduced, resulting in a higher surface resistance.
Like all other models based on pair breaking in the current carrying state, this
model does not predict a clear factorization of the non-linear surface resistance in
a temperature and a field dependent part, as found for bulk niobium [61] and as
well for niobium film cavities [62].

Localized heating Localized heating at hot spots can account for differences ob-
served between niobium film and bulk niobium cavities. By transmission electron
microscope (TEM) measurements the defect density in a bulk niobium sample was
found to be about three orders of magnitude lower than in several niobium film
samples [63]. In [56] Gurevich considers localized heating at defects and derives

Ru = (Rpcs + Rues) [1 — (Bi/Bb0)2:| , (2.20)

where By is the quench field in absence of defects and ¢ is a parameter which is
related to the number and intensity of the hot spots.

2.3.2. Percolation Model

A recent explanation for the non-linear surface resistance is based upon the two
fluid model [61, 64, 65|. The main idea of this percolation model is that non-
linear surface resistance is caused by gradual entry of magnetic flux increasing
with the RF amplitude up to the formation of complete flux tubes. The gradual
entry describes the medium field Q-slope, while the creation flux tubes triggers
the Q-Drop.

For a clean type II superconductor it is energetically favorable to allow flux to
enter at its lower critical field B.;. The percolation model suggests a mechanism
allowing flux to enter locally already at a field level below B.;. In the vicinity
of a small normal conducting defect with a radius r < &, A magnetic flux entry
becomes energetically favorable already at [61]

1
13/2

B* = —_-B,. (2.21)

In a dirty superconductor, where £ is locally suppressed and therefore k = A\/¢
locally enhanced, flux entry may become energetically favorable already at very
low fields. Note that the coherence length £ is related to the electron mean free
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poor Nb content intermediate Nb content rich Nb content
T=13K
T=18K
below percolation threshold above percolation threshold
T=23K

“—— NbO T.=1.38K

. normal conducting B— superconducting

Figure 2.2.: NbO in close contact to niobium. Left: In case of poor niobium content the
NbO becomes normal conducting above its transition temperature. Middle: For
intermediate niobium content the whole composite remains superconducting up to
a higher temperature by proximity effect. Right: For sufficiently large niobium
content, the niobium is able to form superconducting paths of its own through
the composite. The NbO is now found in the form of small separated normal
conducting islands. These islands can serve as condensation nuclei for magnetic
flux entry. Courtesy of W. Weingarten.

Nb T.=9.25K

path via 2 [66]
1 1 1

T8 T
with the BCS coherence length . The percolation model identifies these small
nuclei by isolated NbO islands surrounded by niobium, forming a superconducting
path through the composite above the percolation temperature 7"=2.015 K if the
niobium content is sufficiently large, see Fig. 2.2. For the qualitative derivation of
the surface resistance it is assumed that starting at 7" the amount of condensation

(2.22)

2 For this consideration it is not distinguished between the BCS and the Ginsburg-Landau co-
herence length.
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nuclei is increasing linearly with temperature, yielding

T-T
Ry = [RResl + paw?ooRRR - Ax*O(T' —T) (g)]

B, \2
] In [1 — K2 (BC(‘T)> }
- + ,
I€2 K4( B, )2
Bc(T)

where the parameter Ax must be interpreted as an effective penetration depth of
the non-linear surface resistance Ry;. Equation (2.23) predicts Ry to increase with
a leading quadratic term up to a threshold field By, = B./k. At By, the Q-drop
starts, explained by the singularity of Eq. (2.23).

The quadratic increase of R, with peak magnetic field B, becomes apparent
after expanding the logarithm of Eq. (2.23) into an infinite but slowly converging
series

(~1) (2.23)

T-T
Ry = [RResl + p2w?ogRRR - Ax*O(T' —T) (g)]

(T. = 1)
<K2Bp>2 k2B, 4
() ()
L= [ AEDJ D) (2.24)

Currently, there is no experimental evidence opposing the predictions from the
percolation model. Being only recently published, little effort has yet been made
to test this model by experiments.

2.3.3. Interface Tunnel Exchange

So far only the magnetic surface impedance Zy has been considered. It only
accounts for losses from the transverse wave and neglects any losses from the
longitudinal field component E ;. Analogous to (2.7) one can define the electric
surface resistance R [52]:

p= 1@}zg/EidA. (2.25)

2 po

Usually this contribution is negligible in the GHz regime, even for normal conduct-
ing metals [52|. However, the fact that niobium oxidizes suggests to investigate
the influence of the metal-oxide-adsorbate system on the surface resistance [68].
This system is sketched in Fig.2.3 in stoichiometry (left) and in energy (right)
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Nb Nbox NbZOS-y (X!y<1)
— Z

NbO, (x ~ 0.02) L

/.

Figure 2.3.: Right: Stoichiometry of an oxidized niobium surface with crack corrosion. For
sputtered Nb the oxidation proceeds preferentially along the grain boundaries.
Left: Corresponding band structure at a Nb-NbO,-NbyOs_y-interface. The super-
conducting energy gap A is being reduced in NbO clusters or interfaces. At the
Nb-NbO interface the energy gap is enhanced due to strain from diffusing and
participating oxygen [67]. Courtesy of J. Halbritter.

[67]. NbO is a superconductor with a transition temperature 7,=1.38K [7|. By
proximity effect it remains superconducting at higher temperature at the interface
to the niobium with an energy gap decreasing with distance to the niobium, see
Fig.2.3. NbyOs is an insulator with a relative dielectric constant ¢, = 10-15. When
the RF field is raised the longitudinal electric field only penetrates the insulator. It
becomes now energetically favorable for electrons to tunnel to the superconductor
and when the field is lowered to return. This process occurs within a single RF
cycle, yielding linear frequency dependence for this loss mechanism. The barrier
height for tunneling between the localized states in the insulator at crystallographic
shear planes is approx. 0.1-1eV [68].

The exchange is quantitatively governed by the tunnel rate between the localized
states in the oxides and the states in the metal. In a superconductor this exchange
only occurs if the energy gained is larger than the energy gap A. Therefore, losses
only occur above a threshold field E°. An exponential increase of the surface
resistance above E° saturating at higher field, when all localized states participate
in the exchange is predicted from this model. The electrical surface resistance RE
due to this loss mechanism is called interface tunnel exchange (ITE) and can be
written as [57]

RE = RE, I [et/ _ 2] g o 2.26
S S,400 400 MHz e € ) P = ) ( )
with b=2aA¢, /efrr. Where a = (1.6-5.3) nm ™! is the decay constant of the wave
function into NbyOs, €, = 10-15 the relative dielectric constant of NbyOs and Spg
the static field enhancement factor [57, 67, 69]. Here, the electric surface resis-
tance at saturation, where all available states participate in the exchange, Rg,zxoo
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is normalized to the lowest used resonant frequency of the Quadrupole Resonator.

Crack corrosion at grain boundaries can yield spots for tunneling, see Fig. 2.3
(left). Losses due to interface tunnel exchange might therefore be more pronounced
in sputtered cavities, since they have usually smaller grain sizes than bulk niobium
cavities. An exponential increase saturating at about 5mT is well observed for
the LHC cavity, see Fig.2.1. The interface tunnel exchange model can therefore
describe the differences observed between bulk niobium and niobium film cavities
in this low field region.

Equation (2.26) does not account for a possible role of ITE for the Q-drop, which
is explained in [70|. Since ITE losses are more pronounced in niobium film cavities,
the model can well describe their earlier onset of the Q-drop. There are mainly
two observations opposing ITE to be responsible for the Q-drop at least for bulk
niobium cavities. Temperature mapping generally shows localized heating in the
high magnetic field region when the Q-Drop occurs and one cavity exited in a TE
mode with no electric surface fields also exhibited Q-Drop [71, 72].

2.3.4. Residual Losses

The two fluid model and the BCS theory predict the surface resistance to vanish
at T=0K. This is not observed in measurements. A residual resistance of usually
several nanoohms is measured for niobium cavities. The lowest value ever achieved
is 0.5nQ [73]. Measured with a multimode cavity Rges was found to scale with
f1874] for bulk niobium. This is close to the quadratic prediction for the losses
caused by thermally activated normal conducting electrons from the BCS theory
and the two fluid model. In [61] an explanation for this contribution is given in
the framework of the two fluid model. Assuming normal conducting electrons in
a surface layer Ay of a few nanometers, seeing the same field as the thermally
activated electrons, yields a temperature independent expression for the residual
resistance analogous to the two fluid model [61]

RRes = piaw?0oRRR - \JAy. (2.27)

The same expression has already been found independently in 1984 [75]. It is
known from thermometry studies that the residual losses are localized and not
evenly distributed over the whole cavity surface [76|, therefore Ay can only be
understood as an effective penetration depth correlated to the mean defect density
of the material.

Recent analyses of the surface resistance of almost 200 bulk niobium cavities
with frequencies of 805, 1300 and 1497 MHz suggest that the residual resistance
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comprises of a frequency independent part additive to Eq. (2.27)
Rpes = Rpesz + pow’oo - RRR - \JAy. (2.28)
This is also considered in [61].

A residual resistance scaling linearly with frequency was found for niobium films,
using a sample cavity, excited in two TE-modes [24]. Since these losses were
measured in TE-modes, where the sample was only exposed to a surface magnetic
field, allows concluding that these losses originate from the surface magnetic and
not from the surface electric field.

One well known contribution to the residual resistance is caused by trapped
magnetic flux. A perfect superconductor expels all the flux out of its bulk in
the very moment of the phase transition from the normal to the superconducting
state. However, impurities can impede the complete expulsion of the magnetic
flux. Experimental studies [77] showed that for the case of a DC magnetic fields of
several microteslas, comparable to the earth’s magnetic field, the flux is completely
trapped. Recent studies [78] support this observation and show that at least the
majority of the external flux is trapped in niobium prepared for superconducting
cavities. A simplified model gives a quantitative relation for the fluxon induced
residual resistance Ryesq [16]

Bext

Rres,ﬂ - g
c2

Ry, (2.29)
where Ry is the normal conducting surface resistance, while B. and B. are
the external and the upper critical field, respectively. According to this equation
the contribution of trapped flux to the residual resistance scales with +/f, normal
skin effect is assumed. Equation 2.29 was derived under the assumption that
the RF currents pass through the fluxoids. There is also the possibility that the
RF currents pass around them. In [13] the two-fluid model is used to derive
an expression for R.sq considering RI' currents passing also around the normal
conducting fluxoid, which is usually energetically favorable. Furthermore, it has

been shown that the contribution of trapped flux to the surface resistance can also
depend on the RF field strength [62].

Another residual loss mechanism originates from hydrogen dissolved in the ma-
terial [79]. This so called "Q-disease" is usually only observed for cavities of high
purity material. It can be suppressed by sufficiently fast cool down (no formation of
harmful Nb-H phases) or by hydrogen outgasing at a temperature of about 800 °C
[80].
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2.4. Maximum RF Field

In the presence of a magnetic field the phase transition between the supercon-
ducting and the normal conducting state is of first order. Characteristic for such
abrupt phase transitions is the existence of a metastable equilibrium region in the
vicinity between the two phases [81].

2.4.1. Bean Livingston Barrier

A metastable state of a type II superconductor has first been investigated by Bean
and Livingston in 1965 |82] within the London theory |51]. They considered a flux
thread within a semi-infinite type-II superconductor, lying parallel to its surface.
Two forces act on this flux thread near the interface between the superconductor
and the adjacent vacuum. The magnetic field needs to be parallel to the surface of
the superconductor. To obey this boundary condition an image flux is introduced.
The interaction between this image flux and the flux thread inside the material
yields a force attracting to the surface [83] and the energy U of the flux thread
increases with x by:

Ulz) = (%>2K0(2x/A), (2.30)

where K is the modified Bessel function of second kind and ®y=h/2e is the flux
quantum. For large values of x, far away from the surface the image force vanishes
since Ky(22/)\) decays with e™2/*. An external field of magnitude H penetrating
the superconductor gives rise to a surface current which creates a repulsive force
perpendicular to the flux thread and the surface current. The interaction energy
between H and the flux thread is derived by an integration of the total energy of
the superposed fields and currents [82]

oHe /A
Ulx) = ——". 2.31
(1) = 25 (231)
The total energy thus reads:
D \° Oy He
Ulx)=€e— | — | Ko(2z/\) + — 2.32
@) = (35) Katze/n + 2T, (232
where € is the energy of a single flux thread far away from the surface:
Do \? A DoH.
= —) In(%)= —%. 2.33
‘ (47r>\> o f) 4dm (2:33)
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Figure 2.4.: Dependence of the line energy U on distance to the surface x of a flux thread
located at the interface between a superconductor and vacuum . When H < H¢
the force on the flux thread always points towards the surface. It cannot enter the
superconductor (solid line). When H. < H < Hg, it is energetically favorable
for the flux thread to be located inside the superconductor. But there is a surface
barrier, preventing the entry of the flux thread if the surface is clean (dashed line).
When H > Hg,, the barrier disappears (dotted line) and the force on the flux
thread is directed to the inside.

Using 2.33 on 2.32 gives

L KoQ@z/N)  H
e ! (Ve | HaC

The second term of (2.34) accounts for the force attracting towards the surface.
Below H.; this contribution is larger than the third term representing the repulsive
part. In this case no flux can enter. If the external field H is larger than H it
becomes energetically favorable for a flux thread to be located inside the super-
conductor. If however H is lower than the superheating field Hg, the flux thread
is unable to enter the superconductor. This is due to a surface barrier, preventing
the built up of the thermodynamic equilibrium. When H becomes larger than the
superheating field Hg, the surface barrier disappears, see Fig. 2.4 [84].

Equation (2.34) is valid only for A > ¢ and z > £ For z =~ £ it has to
be modified, such that the force attracting to the surface goes smoothly to zero,
instead of going to —oo with K [82]. For this reason Eq. (2.34) cannot be used for
a calculation of the onset field for flux entry in niobium. More precise estimates
of this barrier field are introduced in the following section.

(2.34)
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2.4.2. The Superheating Field Within Ginsburg-Landau
Theory

Equation (2.34) gives an intuitive understanding of the phenomenon of superheat-
ing. Numerically it is however unsatisfactory for two reasons [85]:

e In the vicinity of the core radius of the flux thread Eq. (2.34) becomes invalid.
Especially, when A =~ ¢ the results of Hg, become dependent on . Therefore
the equation is only valid for A > &.

e The density of Cooper Pairs can be reduced near the surface between the su-
perconductor and the vacuum. This is not considered within London theory.
Therefore Eq. (2.34) is only valid for z > &.

The problem discussed in the previous section can also be treated within the
phenomenological Ginsburg-Landau (GL) theory [86]. For the geometry depicted
in Fig. 2.4 the GL-equations can only be solved analytically for the approximations
Kk <1 or k >1 and give

0.89
Hym~——H., k<1

K
Hy ~ 0.75H,, k> 1, (2.35)

where k = €gr /A is the Ginsburg-Landau parameter. Note that these expressions
relate Hy, to the thermodynamic critical field H, and not to H,; like Eq. 2.34. For
the values of interest concerning accelerator applications, in particular niobium
where xk = 1 numerical calculations need to be carried out. Matricon and St. James
derived the superheating field as a function of s in the range between 0 and 2.5
|87]. For k ~ 1 they found Hy, ~ 1.2H,. A refined treatment of the superheating
field within GL theory can be found in [88]|. In this paper approximate formulas
for Hg,, agreeing within 1.5% with the numerical results are given

191 4 4.68k + 3.35K

Hy ~ H,.271/4
sh = e N 1 4.02k + 1.0062°

<1 (2.36)

and
V20 0.3852

Hy ~ H——
sh c 6 + \/E )
The GL theory is valid only near 7, but superconducting cavities are usually not
operated at such high temperatures. To derive the correct value of Hg, in the low
temperature regime one needs to solve the Eilenberger equations [89] instead of
the GL-equations. So far this has only been done for large values of x [90]. The

results agree near 7T, with the Ginsburg-Landau treatment and yield close to 0K

k> 1. (2.37)
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2. Performance of Superconducting Cavities

Hy,=0.84H,, a value 10% higher than the Ginsburg-Landau prediction. This result
is of great interest, when other superconductors than niobium are considered for
accelerating cavities, since materials currently under investigation, such as NbsSn
or Mgy,B have larger x values than niobium.

2.4.3. Critical RF Field From an Energy Balance

The treatment within Ginsburg-Landau or Eilenberger theory assumes that the
superconductor can remain in a metastable Meissner state. According to a common
misconception in literature there is a strong tendency for a superconductor to
remain in a metastable superheated state instead of undergoing a phase transition
to the normal state, since the penetration time of fluxoids (&~ 107% s) was measured
to be long compared to the RF period (= 1079 s) in the GHz regime [16, 73, 91]. In
[92] the time was measured to be between 18 and 28 us for 0.85 mm of penetration.
The penetration speed is therefore between 31 and 47 nm/ns. This means that the
time it takes for flux to enter in a depth comparable to the penetration depth is
of the same order of magnitude as the RF period?.

Therefore, one might argue that there is no metastable state and a simple ther-
modynamic energy balance might give the correct estimation of the maximum RF
field. This has first been proposed by Yogi [41] and recently been reconsidered for
more recent experimental results by Saito (94, 95|. The argument is simply that
a superconductor gains energy by allowing flux to enter within the penetration
depth A. However, if the flux enters, superconductivity will be suppressed within
the coherence length £&. When the energy gained oc AH? exceeds the energy lost
o £H? flux will enter and superconductivity vanishes at

Hy = —<. (2.38)

This argument can be extended to different geometries, such as a line. In this case

the superheating? field reads
H

Hy = =< (2.39)
K
Equations 2.38 and 2.39 are the values for the DC case. For the RF case Saito
simply states that Hg, gp = \/§Hsh,DC [95].
So far the vortex line nucleation model (VLNM), Eq. (2.39), has given the best

3 This has been also pointed out by Romanenko in the framework of his investigations of the
Q-Drop [93].

4 This field is denoted here Hyy,, because in literature it is widely named superheating field.
Technically, this term is incorrect for the consideration of a thermodynamic energy balance,
since the concept of metastability is not considered here.
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2.4. Maximum RF Field

agreement to experimental results [95] . The success of this model may be corre-
lated to flux entry at inhomogeneities of a size comparable to & and not be the
ultimate limit for the critical RF field. In this case advanced surface treatments
could enable to overcome this limitation. Equation 2.39 predicts the same value
for Hg,, where the percolation model (Sec. 2.3.2) predicts the surface resistance to
increase exponentially. This might be the reason for the success of the VLNM in
explaining experimental results. The cavities become thermally instable, when the
surface resistance starts to increase exponentially. In this case the VLNM would
not set the ultimate limit for the critical RF field, but the practical limitation
(Q-Drop).

The question as to whether a thermodynamic energy balance, like the vortex
line nucleation model gives the correct value for Hg, becomes especially important,
when one thinks of cavities produced of materials other than niobium, since these
models give a strong dependence of Hg, on k. At 0K k is twice as high as it
is close to the transition temperature T;. [35], yielding low values for Hg, at low
temperature, if a thermodynamic energy balance model sets the ultimate limit for
the superheating field.

2.4.4. Probing the Maximum RF Field

All theories for the maximum field under RF correlate its value to the Ginsburg-
Landau parameter k. Therefore, when Hg, is measured x should also be derived.
This can be done by determining the upper critical field

He = V25 H, (2.40)

from magnetization measurements. However, the value derived is the value of the
bulk material and not the surface layer penetrated by the RF field. Furthermore, if
one wants to obtain x for the cavity material one either needs to have a reference
sample or cut it out of the cavity. Therefore, a method to derive x by an RF
method using the same equipment as for the critical field measurement would be
more convenient.

A quantity which can be directly measured in a superconducting cavity and
also for the Quadrupole Resonator samples is the penetration depth A. If one can
deduce k = \/{gr, directly from A the obtained value of « is its value for the layer
penetrated by the RF field and not for the bulk material. However, g1, cannot be
directly determined by an RF method. For accurate calculations it is impossible
to use & instead of {gr. Near 0K this would only give an error of about 10%,
but close to T. &g goes to infinity, while &, remains finite. The two parameters
are derived from different theories. The BCS coherence length can be interpreted
as the size of a Cooper Pair, while gy, is related to the distance over which the
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2. Performance of Superconducting Cavities

density of Cooper pairs may vary; qr,>&o always holds [15].

To derive the Ginsburg-Landau parameter from the penetration depth the fact
that the BCS and the Ginsburg-Landau coherence lengths, &, and &g, are both
correlated to the flux quantum @, can be used [35]. This enables to derive

o s HC(()) )\L
T 9B H(T)NT, 1)

K

(2.41)

Using the empiric temperature dependence of H, [15]

H(T) = H.(0) (1 - (%)2> (2.42)

allows to obtain an expression for the Ginsburg-Landau parameter x

C_ATD _2vBATD (1 - (7))
B SaL oo SoAL .

To show how x depends on temperature 7" the the Gorter-Casimir expression [50]

(2.43)

(2.44)

is applied to Eq. (2.43) to yield
L 2v/3 A(0,1)?
== ~
oL, (1 + (TZ> >

The same temperature dependence of k can also be found in [35]. The Ginsburg-
Landau parameter is correlated to the purity of the material. To show this a
relation found by Pippard [66]

(2.45)

A(l) = A1 — 00)y/1+ ”2—5; (2.46)

is applied to Eq. (2.45) to yield

. 2V3 AL'VH%: , (2.47)
"o (1+(2))
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Figure 2.5.: The superheating field of niobium calculated for its prediction from Ginsburg-
Landau theory (left) and the vortex line nucleation model (right).

where Ar, = A(0,] — 00) is the London penetration depth. Equation (2.47) in com-
bination with Egs. (2.36) and (2.37) allows to calculate the superheating field as
predicted from Ginsburg-Landau theory, see Fig. 2.5 (left). If applied to Eq. (2.39)
it gives the prediction of the superheating field from the vortex line nucleation
model, see Fig. 2.5 (right). For the calculations the values of the material param-
eters of niobium £,=39nm, A\, =32nm and 7.=9.2 K are taken from the literature
[53].

In case of clean surfaces (long mean free path) and low temperatures the Ginsburg-
Landau predictions and the VLNM yield similar values for Hg,. This is the usual
regime of superconducting cavities. Different predictions are found either for high
values of k (short mean free path) or temperatures close to T.. Both regimes
can be conveniently investigated with the Quadrupole Resonator. Samples of low
mean free path can be easily manufactured. Since the sample is thermally de-
coupled from the host cavity the calorimetric technique enables measurements in
a helium bath at temperatures above the critical point of helium 7=5.19K [96],
where standard cavities need to be operated in gaseous helium.

2.4.5. Thermal Breakdown

Thermal breakdown (quenching) can limit a cavity’s performance to a magnetic
surface field Hp,rr below the intrinsic superheating field. Thermal breakdown
occurs at sub-millimeter size areas, having much higher RF losses than the vast
part of the superconducting surface. These regions are called defects. In a simple
model thermal breakdown is explained by a hemispherical normal conducting heat
source of radius a and surface resistance Ry on a superconducting surface cooled
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to the bath temperature Ty, [97]

4k(T. — Tj
HmaX,RF = ((ZTNb) (248)

From Eq. (2.48) it is apparent that thermal breakdown can be suppressed by using
material with a high thermal conductivity k. For niobium k scales approximately
linearly with the residual resistance ratio RRR. Therefore, using high quality nio-
bium can suppress thermal breakdown. Niobium film on copper substrate cavities
have the advantage of better thermal conductivity even compared to high purity
niobium. These cavities are usually not limited by thermal breakdown but rather
by field emission. Equation (2.48) assumes that the breakdown is a complete ther-
mal effect. This has been validated in the past [98]. Recent studies show a more
complex picture, where the quench is triggered by an interplay of thermal and
magnetic effects [99].

2.5. Summary

In this section the two fluid model has been deduced from Maxwell’s equations
and London theory. It can predict the dependence of surface resistance of a super-
conductor on temperature and frequency. Corrections from the microscopic BCS
were introduced and analytical formulas allowing for convenient comparison with
experimental results were presented. The two fluid model and the BCS theory,
however, cannot explain a field dependent nor a residual resistance. The origin of
these losses and their relation to the external parameters frequency, temperature,
magnetic and electric field are open questions. Several models proposed in the
literature have been reviewed. A final assessment of their correctness and applica-
bility can only come from experimental studies. There, one would ideally like to
alter the external parameters independently, while investigating the same surface.

Ultimately, the performance of superconducting cavities is limited by the critical
RF magnetic field B rr. In order to test whether By rr is defined by a thermo-
dynamic energy balance or a metastable superheating field requires to determine
the Ginsburg-Landau parameter x for the same surface and temperature. For this
purpose an expression correlating « to the conveniently measurable penetration
depth and other material parameters for which literature values are available has
been worked out.
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In this chapter the Quadrupole Resonator at CERN is described. It is a four-wire
transmission line half-wave resonator using a TEs;-like mode. It was constructed
in 1997 to measure the surface resistance of niobium film samples at 400 MHz,
the technology and RF frequency chosen for the LHC. The design considerations,
which resulted in tits mechanical layout and the applied RF-DC compensation
technique, are reviewed here.

The models for the field dependent surface resistance Rg introduced in Chap. 2
predict different correlations of Rg to frequency, temperature and applied field
strength. Therefore, possibilities and constraints for extending the Quadrupole
Resonator’s measurement range to 800 and 1200 MHz are examined. Finally, the
interface tunnel exchange model correlates the field dependent surface resistance
not to the magnetic but to the electric field. It is shown how the frequency depen-
dent ratio between peak magnetic and electric field on the sample surface of the
Quadrupole Resonator can be used to determine which of these fields is responsible
for a measured RF dissipation.

3.1. From Basic Design |Ideas to the Mechanical
Layout

Basic Design Ideas In order to investigate cylindrical superconducting samples
a first design idea was to expose the sample surface to the magnetic field of a
resonant ring, see Fig. 3.1 (left). The biggest drawback of this approach is the fact
that the circumference d of such a ring needs to equal one wavelength \:

Ay = d = (3.1)

7
where f is the frequency of interest and ¢ the speed of light in vacuum. For
f=400 MHz the radius of the resonant ring needs to be an impractically large
value of 239 mm.

A second idea was to use the magnetic field of two wires, short circuited at two
parallel perfect conducting planes at a distance of Ay /2, see Fig.3.1 (middle). In
this setup the sample size is independent of resonance frequency. The problem
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Figure 3.1.: Basic design ideas, which resulted in the construction of the Quadrupole Resonator.
A superconducting sample exposed to the magnetic field of a resonant ring (left).
Using two wires, short circuited at two parallel perfect conducting planes would
overcome the need for impractical large samples (middle). The problem of fixing
the wires to the sample surface can be overcome by bending them above the sample
surface (right).

of such a device is how to integrate a sample into one of the perfect electrical
conducting planes, where the magnetic field is at maximum. The solution found
was instead of directly short circuiting one of the resonator ends, to bend it to a
ring illuminating the sample surface, see Fig3.1 (right).

The remaining task then was how to attach the sample. This can be done by
connecting a flat sample disk to a cylinder. This cylinder is then attached to the
resonator in a coaxial structure, whose inner and outer conductor are the sample
cylinder and the wall of the resonator respectively, see Fig.3.2. The dimensions
of this coaxial structure need to ensure that the fields in the gap between sample
cylinder and resonator are exponentially decaying (cut-off). This is very impor-
tant for accurate measurements since losses inside this structure would mean a
perturbation to the obtained results. A further improvement was made by adding
a second two-wire transmission line in the cavity, see Fig.3.2 (right). Now the
resonator can be excited in a quadrupole mode. The advantage is that this mode
has a cut-off frequency twice as high as the dipole mode [100].

Mechanical Design From these basic design ideas the Quadrupole Resonator
was developed and constructed. Figure 3.3 shows a photograph and a technical
drawing of the device. Its 2mm thick niobium screening cylinder (@=210mm
height=361 mm) is composed of two separate niobium cans, which are electron
beam welded alongside and vacuum brazed to stainless steel flanges. This design
enables convenient handling of the resonator (efficient cleaning, optical inspection).
The two flanges of the screening cylinder are positioned at about Ay /4 where the
screening current of the Quadrupole Resonator vanishes, if excited at the design
frequency of 400 MHz.
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Figure 3.2.: Left: Dipole Resonator. Right: Quadrupole Resonator.
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Figure 3.3.: Left: Photograph of the Quadrupole Resonator, an additional sample and an an-
tenna. Right: Technical drawing of the device [30]
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The four-wire transmission line is built from niobium rods (& 16 mm) welded to
the upper cover plate of the resonator. For cooling purposes the rods are hollow
to allow liquid helium (LHe) to flow inside. At the bottom end these rods are
bent to form half rings of 25 mm radius. The RF current of the resulting loop
creates an image current on the front disk of the sample (& 75mm) positioned
1mm below the niobium half rings. This distance can be derived by measuring
different resonant modes of the Quadrupole Resonator at room temperature. The
sample cylinder is fixed to a 6inch Conflat flange and mounted into a tubular port
of 2mm bigger radius and equal length to ensure that the sample surface is flush
with the lower cover plate of the niobium cylinder to which the port is welded [30].
Regarding the niobium rods as conductors of a screened four-wire transmission line
excited in its quadrupole mode, the apparatus was named Quadrupole Resonator
[30].

A resistor for DC heating and six calibrated silicon diodes are placed inside the
thermometry chamber. Four of the diodes are directly placed below the position
of maximum magnetic field on the sample disk, while two of them are pressed by
a piston to the inner wall of the sample cylinder. These two diodes are therefore
at a position of lower temperature. This allows to derive the thermal conductivity
if disk and cylinder are made of the same material.

Magnetic Shielding For the studies carried out in the framework of this thesis
the cryostat of the Quadrupole Resonator has been equipped with coils to cancel
out the earth’s magnetic field. This is necessary to avoid losses from trapped flux,
see Sec. 2.3.4. The current applied to the compensation coils has been adjusted to
minimize the residual magnetic field at the position of the sample. The field was
measured with a fluxgate magnetometer and could be suppressed to a value below
1uT.

3.2. Resonant Modes

Simulations performed with CST Microwave Studio® show that multiple integers
of the Quadrupole Resonator’s fundamental mode frequency of 400 MHz are also
resonant in the device, as expected for a half-wave resonator, see Fig.3.4. This
was validated by measuring the resonant frequencies using a network analyzer.
Besides the quadrupole modes at 400, 800 and 1200 MHz, there are also monopole
and dipole modes found. All the Q-values have been calculated using Eq. (1.1)
and the definition of the normal conducting surface resistance in the normal skin
effect:

Ry — ) TH0. (3.2)

0o
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Figure 3.4.: Q-values of resonant modes at room temperature found in the Quadrupole Res-
onator.

where the value of the conductivity at room temperature for niobium ¢y=6.58 -
10% (Qm)~! is taken from literature [7]. For all quadrupole modes and the two
dipole modes of lowest resonant frequencies simulation and measurement results
agree within 5% regarding Q-value and frequency. All the other dipole modes
are in agreement within 5% regarding the resonant frequency f. The maximum
difference between simulation and measurement is 50 MHz for the dipole mode
of highest frequency. In the Quadrupole Resonator the cover plate of a cylinder
attached to the cavity in a coaxial structure serves as sample, see Fig. 3.3. For the
Quadrupole mode at 400 MHz this design yields exponentially decaying RF fields
between the outer wall of the sample cylinder and the host cavity. Therefore, the
power dissipated inside this 1 mm gap and especially at the end flange and joint
of the sample cylinder is negligible. Additionally to the 400 MHz design mode the
fields are also exponentially decaying for all other excitable quadrupole (TEg;-like)
modes up to 2.0 GHz and for all dipole (TE;-like) modes below 1 GHz. This can
also be shown by analytical calculations [101].

The Q-value of all other modes is systematically higher for the simulated values,
due to the fact that all these modes have high field values in this gap. Therefore,
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possible losses due to leakage of RF fields at the flange where the sample cylinder is
attached to the cavity could not be accurately calculated due to the limited spatial
resolution of the simulation model. The simulation predicts two dipole modes
at 890 and 894 MHz with different field configurations and @-values. At room
temperature these two modes cannot be separately resolved; only one resonance
at 897 MHz was measured. The monopole modes show the highest disagreement
between measured and simulated values for resonant frequency and ()-value. These
modes are not in cut-off inside the coaxial structure between cavity and sample
cylinder and have the highest field values in this gap and on the cover where
the niobium rods are mounted to the cavity. No further investigations on the
monopole and dipole modes have been performed, since they are not usable for
investigations of the samples. It is only important to know resonant frequency and
field configuration of these modes in order to avoid their simultaneous excitation
with a Quadrupole mode used for sample characterization.

In principal five Quadrupole modes could be excited and used for RF mea-
surements. At CERN equipment for 400, 800 and 1200 MHz is available for the
Quadrupole Resonator test stand. Note that RF equipment such as amplifiers
or circulators is usually narrow band. To perform tests at the three frequencies
two different pre-amplifiers (each 5 W, one covering the range up to 500 MHz, the
other one the range between 700 and 2200 MHz) and three different main amplifiers
(500 W for 400 MHz and 200 W for 800 MHz and 1200 MHz) are used. For each
frequency a dedicated circulator is needed. The rest of the used RF equipment
covers the whole frequency range.

Operation at 800 MHz The Quadrupole Resonator consists of two 2 mm thick
niobium cans for convenient handling and cleaning of the device, see Fig.3.3
(right). These cans are flanged to each other in the middle of the resonator,
where the screening current on the cavity surface vanishes for the modes at 400
and 1200 MHz. For the 800 MHz mode the screening current has a maximum at
this position. Since the field is strongly concentrated around the rods in the middle
of the resonator, excitation and measurements at 800 MHz are not perturbed by
losses at this flange. They are so low that the system remains strongly overcou-
pled at fields up to the highest level reached, which is 40 mT at 800 MHz. The
magnetic field at the flange between the upper and the lower can is only 0.5% of
the maximum field on the sample as has been calculated by Microwave Studio.
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3.3. The RF-DC Compensation Technique

The Quadrupole Resonator allows to measure the surface resistance of the sam-
ples attached by an RF-DC compensation technique. Compared to the end-plate
replacement or the thermometric technique, this approach has the advantage of
high sensitivity and independence of a reference sample, see Sec.1.2. The draw-
backs are a usually more complicated design and the fact that the measurement
temperature always needs to be higher than the bath temperature.

Temperature Power
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59
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Bath 5 _ A
Temperature S Fr—-—-—--- -
a o
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Figure 3.5.: In a calorimetric system the surface resistance of a superconducting sample is
derived from a DC measurement.

A calorimetric measurement consists of two steps, see Fig. 3.5:

1. The temperature of interest is set by applying a current to the resistor on
the back side of the sample. The power dissipated Ppc; is derived from
measuring the voltage across the resistor.

2. The RF is switched on and the current applied to the resistor is lowered to
keep the sample temperature and the total power dissipated constant.

The power dissipated by RF, Prp is the difference between the DC power applied
without RF, Ppc; and the DC power applied with RF, Ppos. FPgrr is directly
related to the surface resistance of the sample Rg and the magnetic field on the
sample surface g,

1 -
PRF — PDCI - PDCQ — Q_M/RS|B|2dS (33)
0

Sample

Assuming Rg to be constant over the sample surface area and independent of é,
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Eq. (3.3) simplifies to

1 o
PRF = PDCI — PDC2 ~ 2—M2Rs / |B|2dS, (34)

0
Sample

which can be rearranged to yield an expression for the surface resistance:

R = 2u2(Ppc1 — Ppes)
[|BPdSs

Sample

(3.5)

A constant c¢; relating the peak magnetic field on the sample surface B, to its inte-
grated value over the sample surface can be introduced and calculated numerically
for a given mode

B
[1BRas

Sample

(3.6)

C1 =

To derive B, from an RI measurement a second constant cy, relating Bg to the
stored energy in the cavity U is introduced. Its value must also be calculated
numerically,

BQ
Coy = Up (37)
The loaded quality factor @y, of a cavity equals
U
QL = C%L = wr, (3.8)

where the loaded power P, is the power dissipated in the cavity and radiated into
the couplers, while 7 is the corresponding decay time. Inserting (3.7) in (3.8) yields

Bp =\ CQTPL. (39)

With the constants ¢; and c¢; Eq.(3.5) becomes an expression of constants and

measurands:
(Ppoc1 — Ppes)

coT Py

Rg = 215¢y (3.10)

In case of non-critical coupling P;, must be derived from the forward and the
reflected power (P; and P,):

P, =2PF /PR, (3.11)

with minus/plus for an under/over coupled input antenna. To derive P, from only

38



3.3. The RF-DC Compensation Technique

one measurement the Quadrupole Resonator uses a fixed coupling. The device
is equipped with two strongly overcoupled loop-antennas (coupling factor about
100 each). The resonator acts like a narrow band filter. Only a negligible amount
of the power coupled in is dissipated in the resonator walls. Since the coupling
geometries of the input and the output antenna to the resonator are identical, the
coupling factor as seen from the input coupler is f =1 (critical coupling, no power
is reflected). The assumption that the forward power Pr equals the transmitted
power P, can be made. This allows to approximate P, = 2P = 2FP,. A third
weakly coupled loop-antenna of same geometry but located at a position of lower
field serves as pick-up probe to measure P;.

Furthermore, the geometry factor of the sample Ggample is introduced. It is
defined in the same sense as for accelerating cavities by Eq. (1.2), but considers
only losses on the sample surface. Therefore campared to Eq. (1.2) the unloaded
quality factor of the cavity g is replaced by the quality factor of the sample

QSample:
2wU

2—
T BPas

Sample

Using the definitions of ¢; (Eq. (3.6)) and ¢z (Eq. (3.7)) Gsample can be written as

GSample = RSQSample = (312)

&
GSample = QWNgC_; (313)

allowing to express the surface resistance as:

(Poc1 — Ppez)

RS = GSample
wTPL

(3.14)

The constants ci, cs and G were derived by two different computer codes. CST
Microwave Studio® (MWS) [102] is based on the finite integral technique. For the
simulation of resonant structures the Eigenmode Solver is best suited. The symme-
try of the field configuration allowed to simulate only one fourth of the structure,
see Fig. 3.6. After several refinements, especially in the gap between sample and
crooked endings of the resonator rods, the simulation model was approximated by
almost 2 million hexahedrales. It was solved with a standard PC. Ansoft HFSS®
[103] is based on the finite element method. The program approximates the simu-
lation model by a tetrahedral mesh, including curved etches. For highly resonant
structures HF'SS comprises an Eigenmode Solver like MWS. The maximum amount
of usuable mesh-cells is lower compared to MWS, but the tetrahedral mesh allows
a much better approximation of the simulation model, compared to a hexahedral
mesh, especially when curved elements are used. The biggest challenge in simulat-
ing the Quadrupole Resonator was to find a mesh, which is very fine in the 1 mm
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Figure 3.6.: Magnetic (left) and electric (right) field distribution at 400 MHz on the sample sur-
face calculated with Microwave Studio. The fields are highly concentrated around
the crooked endings of the resonator rods. The symmetry of the field configuration,
indicated by the dashed lines, allowed calculating only one fourth of the structure.
On the bottom right the mesh used to approximate the geometry is displayed.

gap between sample and crooked endings of the resonator rods. The hexahedral
mesh used by MWS, allowing for more mesh cells, was found to be more effective
for this task. Therefore in the following the parameters derived from Microwave
Studio will be used. The values of agree within 6 % with the values derived using
HFSS, see Tab. 3.1.

Table 3.1.: Field parameters of the Quadrupole Resonator calculated with CST Microwave
Studio/Ansoft HFSS

f in MHz c;in m™2 ¢y in T?/J G'sample
399.6/399.4  1408/1431 0.105/0.104 106.3/109.1

803.1/803.2  1403/1488 0.105/0.105 212.9/225.9
1211.1/1208.8 1569/1540 0.121/0.116 311.6/318.5

Pulsed Operation Measurements are performed in continuous wave (CW) op-
eration if possible. At relative high fields, low temperature and/or high surface
resistance however, the power dissipated by RF may yield a sample temperature
above the temperature of interest. In this case the RF signal has to be modu-
lated in amplitude with a rectangular pulse and for P, one has to take the average
power over one pulse including the part where the RF is off. Its measurement can
be performed with a spectrum analyzer. Additional error sources occur in pulsed
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3.4. Electric and Magnetic Field Configuration

operation. The Q-value of the Quadrupole resonator is approx. 10° corresponding
to a decay time 7 of a few 100 microseconds, depending on frequency. During this
time the field applied is not at its maximum. So if the surface resistance increases
with field and the rise time is not short compared to the pulse length, the surface
resistance will be underestimated. On the other hand the pulse length may not be
too long, otherwise a steady increase and decrease of the sample temperature will
occur, diminishing stable temperature control. A modulation frequency of 20 Hz
was found to be a good compromise. Duty cycles between 10 and 50 % corre-
sponding to a pulse length between 5 and 25 ms, were used for surface resistance
measurements. To probe the critical RF fields even shorter pulses of about 1 ms
length were applied.

3.4. Electric and Magnetic Field Configuration

Cylindrical cavities operated in a TE mode are often used for material charac-
terization. These cavities expose the samples attached only to an RF magnetic
field. The Quadrupole Resonator with its different field configuration exposes the
samples to electric and magnetic fields simultaneously.

The electrical field E on the Quadrupole Resonator sample surface scales lin-
early with frequency for a given magnetic field g, as required by the law of in-
duction when applied to the geometry in between the crooked endings of the rods
and the sample. For a peak magnetic field B,=10mT, the peak electric field is
E, =0.52,1.04 and 1.56 MV /m for 400, 800 and 1200 MHz, respectively. These
values are small compared to E,-field levels on elliptical cavities, but the area of
high electric field is larger. In elliptical cavities excited in the TMgjg-mode the
surface electric field is mainly concentrated around the iris of the cavity. In the
Quadrupole Resonator it is approximately spread over the same area on the sam-
ple surface as the magnetic field, see Fig. 3.6. The fact that the ratio of the mean
values Epean/Bmean for elliptical cavities and the Quadrupole Resonator are com-
parable is a valuable feature for the latter if real accelerator cavity surfaces are to
be studied. Analogous to Eq. (3.14) one can define the electrical surface resistance
RE |52]:

B B (Poo1 — Pocz)
= 1
RS GSample CUTPL ) (3 5)
with the definition of the electric geometry factor:
2wU
gample = @f— (316)
o [|E|?dS
Sample
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3. The Quadrupole Resonator

To relate electric and magnetic losses to each other the constant c3 is introduced

GE
ample
’ GSample < )

The ratio between the magnetic and the electric geometry factor scales quadrat-
ically with frequency. This follows directly from the law of induction for the
Quadrupole Resonator geometry and has been verified with an agreement better
than 1% using MWS. This allows to normalize ¢z to 400 MHz

100 GSample (400 MHZ)Q'

Is =
3 G
Sample f 2

Calculated by MWS ¢i%=53.5 is found. Equation (3.18) applied to Eq. (3.15)
yields

(3.18)

400 . (400 MHz)? Poci — P 400 (400 MHz)?
C3 ( f2 Z) Gsample( bl DC2) = C3 ( Z) RS- (319)

wT B, 12
This implies that a power dissipated by the RF field on the sample surface Prp
corresponding to a magnetic surface resistance of 1nf2 is equivalent to an electric
surface resistance of 53.5n{2 at 400 MHz. At 800 MHz an RF heating corresponding
to Rs=1n{ is equivalent only to R§=13.4n{).

With the Quadrupole Resonator it is impossible to measure magnetic and elec-
tric losses independently. Therefore, if not explicitly stated the surface resistance
will always be calculated as the magnetic surface resistance. In case losses are
caused by an electric field, Rg must be understood as the equivalent magnetic sur-
face resistance, which would yield the same losses if the surface resistance would
be caused by the magnetic field. In the following when data is fitted to a model
including electric losses, these contributions will be converted to the equivalent
magnetic surface resistance, using Eq. (3.19). This approach allows to display
data comprising magnetic and electric surface resistances in the same graph.

R =

3.5. The RF Control System

The key components of the Quadrupole Resonator’s RF control system are dis-
played in Fig.3.7. Underlined words in the following text indicate a component
displayed in this figure. There and throughout this section the Quadrupole Res-
onator is only referred to as resonator.

The RF input signal is controlled by a synthesizer, to which a function generator
is attached. The function generator sends a periodic rectangular voltage of a few
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Figure 3.7.: The RF system of the Quadrupole Resonator.

Hz to the synthesizer. The synthesizer now multiplies the rectangular pulse with
the RF sine wave of 400, 800 or 1200 MHz to create the output signal (Amplitude
Modulation, AM). The function generator enables to set the duty factor of the
output signal. For continuous wave (CW) measurements the AM is simply disabled
by the internal settings of the synthesizer.

Only in CW operation the frequency counter attached to the synthesizer via
a power splitter enables to measure the RF output frequency. The modulated
signal is amplified before transferred to the resonator, which is equipped with two
output antennas: one is critically coupled to the input antenna (S=1), the other
one is strongly undercoupled (8 <«1). The resonator itself is strongly overcoupled.
The measurement technique relies on the assumptions that the energy, which is
coupled in is completely coupled out, see Sec. 3.3. In this picture one may regard
the resonator as a filter of narrow bandwidth. The strongly coupled antenna
has two purposes. It provides the critical coupling between input and output
and enables the closed loop operation as described below. The weakly coupled
antenna is used for the measurement of the transmitted power directly related
to the electromagnetic fields stored in the resonator. As one can see in Fig. 3.7
its signal is directly transferred to an RF switch box (so are attenuated signals
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3. The Quadrupole Resonator

of the forwarded and the reflected wave). The RF switch box enables to choose
which of the signals one wants to measure with the attached power meter and
spectrum analyzer.

Three directional couplers are placed between the cavity and the circulator.
One is coupling to the reflected; two of them are coupling to the forward signal.
A fourth directional coupler is placed behind the strongly coupled output. The
majority of the power coupled out is dissipated in a load, while the smaller part
is transferred to a phase-locked loop (PLL). The PLL multiplies the transmitted
signal with the forward signal. In the time domain the forward voltage can be
written as

Uf(t) = Uf COS((A}ft) (320)

with an arbitrary phase. The transmitted voltage U; has not necessarily the same
phase as the forward voltage. Therefore, a phase difference ¢ needs to be taken
into account.

Uy(f) = Uscos(wit + ). (3.21)
The PLL multiplies U; with Uy yielding with simple trigonometry

1. .
Ut = U Up = §Uth [cos((wr — wy)t — ) — cos((wg + wy)t + )] (3.22)

The second cosine term is of high frequency and is suppressed by an internal low
pass filter. The leading cosine term gives an output U,y according to the phase
and frequency difference of the two signals. If wy=w; the system is referred to as
being locked, U,y is only depended on the phase difference . This offset needs
to be adjusted to a value of approx. /2 by a phase shifter connected between the
resonator and the PLL to ensure that the system is operating in the regime, where
Usut depends almost linearly on wy —w;. The phase shift between transmitted and
forward signal can be measured with a phase detector integrated in the same box

as the PLL.

The output of the PLL is connected to the synthesizer, where U,,; is used for
frequency modulation (FM) with the carrier frequency f. to yield the RF output
signal. In practice, the resonance frequency of the resonator is measured after cool
down using a network analyzer. The derived frequency is taken as f.. Afterwards
the phase is adjusted to yield zero reflection. Now the system is locked. Due to
variations of the helium pressure, changing of the sample temperature or other
disturbances the resonant frequency changes. This yields a non-zero PLL output
voltage. The FM now changes the frequency of the synthesizer’s output according
to

Wout = We + Km cos((wr — wi)t), (3.23)

where the modulation constant K, is a measure for the strength of the modulation.
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An automatic phase control system has been developed in the framework of this
thesis. It maximizes the transmitted power by altering the phase between trans-
mitted and forward power. This programmed phase shifter enables completely
automatic measurements of the surface resistance. A LabView® [104] program for
surface resistance data acquisition has been written. The penetration depth and
the quench fields are manually measured. A second LabView program allows to
acquire this data, which is stored and analyzed using a standard PC.

3.6. Performance Discussion

3.6.1. Field Limitations and Excitable Modes

At present, the Quadrupole Resonator is capable of measuring the surface impe-
dance (resistance and penetration depth) and the critical field at 400, 800 and
1200 MHz. The quadrupole modes at 1600 and 2000 MHz could also be used,
if all the equipment for measurements at these frequencies would be available.
Currently, amplifiers with a power of more than 5W and circulators are missing
for measurements at 1600 and 2000 MHz. It is planned for future experiments to
include these modes.

At 400 MHz the highest field level achieved was approx.60mT on the sample
surface. This corresponds to a maximum field of approx.70mT on the rods op-
posite to the sample surface, which is the maximum field in the whole structure.
This value is well below the expected critical RF field of niobium. The quench field
is unaffected by the applied RF duty cycle. Even single pulses of one millisecond
length do not enable higher field values. When a quench occurs on the sample sur-
face, the sample temperature always rises above T.. However if the sample is not
DC heated and its temperature is identical to the cavity temperature, the quench
occurs, while the sample temperature does not rise. In this case the quench is lo-
cated on the host cavity and not on the sample surface. The fact that the quench
field is independent of duty cycle is an indication that it is triggered by a relatively
fast process, which could be field emission or multipacting. The surface electric
field of the Quadrupole Resonator is at maximum in the middle of the transmission
line. For a surface magnetic field on the sample disk of 60 mT the peak electric
field on the rods is about 15 MV /m, a field level at which field emission for cavities
prepared by buffered chemical polishing (BCP), like the Quadrupole Resonator,
might well appear [105, 106]. An additional rinsing with ultrapure water at about
5bar did not yield a higher field level. Rinsing at higher pressure was not available
at CERN during cavity preparation.

A possible diagnostic tool to distinguish between multipacting and field emission
would be to implement an X-ray detector to the test stand. While field emission
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3. The Quadrupole Resonator

appears for high electron energies creating X-rays, multipacting appears at relative
low impact energies, where no X-rays are created. At 800 MHz no multipacting
was observed, while at 1200 MHz multipacting at 15m'T, close to the maximum
available amplifier power appeared . This barrier was processable!, unlike the
60mT barrier at 400 MHz, which yielded the quench of the cavity.

The quench location could not be detected with oscillating superleak transducers
(OSTs) [107]. Detailed investigations of the properties of these detectors have
shown that they are sensitive to rather low energy [108| and that a second sound
wave can be reflected at a niobium surface [109]. Therefore these sensors should be
able to detect the quench even if it would occur on the bottom of the rods, where
the magnetic field is at maximum. This is why, further improvements, especially
noise reduction, of the OST system are promising for localizing the quench in the
Quadrupole Resonator.

3.6.2. Mechanical Vibrations

When the field level is raised the power transmitted can be strongly modulated in
amplitude, especially when the 1200 MHz mode is excited. In the worst case these
modulations might completely prevent measurements. The following observations
have been made, see Fig 3.8:

1. The modulations are most severe at 1200 MHz.
2. The modulation frequency is 69 Hz at 800 and 1200, but not at 400 MHz.
3. The 69 Hz oscillation is observed twice.

4. At 400 MHz a 278 Hz oscillation is dominant. This modulation is a lot less
severe.

5. The effect is very strong in normal fluid helium and a lot less pronounced if
the resonator is operated in superfluid or subcooled helium.

There are two possible explanations why the 69 Hz oscillation is not observed at
400 MHz. It could either be not excited or canceled out by the feedback system.
A fast Fourier transform (FFT) analysis of the PLL feedback signal shows that
the 69 Hz peak and its harmonics are dominating the spectrum if the cavity is
excited 1200 MHz, see Fig.3.9 (left). The PLL fails to stabilize the RF signal
here. At 400 MHz a wide spectrum is observed. A 69 Hz peak is not found in
the spectrum. The two closest ones are found at 63.4 and 72.3 Hz, see Fig. 3.9

! Applying a CW RF field slightly below 15mT for several minutes was sufficient to make the
multipacting barrier disappear.
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Figure 3.8.: Transmitted voltage at 1200 (left) and 400 MHz (right) measured in a normal fluid
helium bath. The maximum voltage corresponds in both cases to a peak field on
the sample surface of approx.15mT. The dashed lines indicate the transmitted
voltage one would measure if no vibrations would perturb the measurement.

(right). Therefore, one can conclude that the 69 Hz oscillation is not excited if the
resonator is operated at 400 MHz.

In general, there are two possible causes for the observed oscillations. They
could be forced from an external source, for example a vacuum pump, or it could
be a resonant phenomenon. Vibrations can be measured by an accelerometer
[110]. In order to test if oscillations from an external source are transmitted to the
Quadrupole Resonator a piezoelectric accelerometer (Briiel & Kjaer 4507-B-005)
was placed outside onto the cryostat. All vibrations transmitted to the resonator
should be measurable at this position. The obtained spectrum shows two dominant
peaks at 75 and 96 Hz. No peak at 69 Hz was observed, see Fig.3.10 (left). This
indicates that this oscillation is not forced from an outside source. The fact it is
not observed if the resonator is excited at 400 MHz is also strong evidence for a
resonant phenomenon.

After the resonator was warmed up the accelerometer was mounted on a metal
bar. The diameter of the bar was about 2mm and its length about 500 mm. This
bar was inserted inside one of the hollow resonator rods, so that one ending reached
the crooked half rings from the inside. To the other ending the accelerometer was
fixed. The bar was used to set the rods into vibration. After this excitation
was stopped, the bar was kept in contact with the resonator rods. During the
excitation a wide frequency spectrum was measured by the accelerometer, but
only one peak at 69 Hz was observed after the excitation was stopped, see Fig. 3.10
(right). This shows that the 69 Hz oscillations observed in the RF signals originate
from resonant oscillations of the rods. The observation of two 69 Hz oscillations in
the RF signal, see Fig. 3.8 (left) is simply due to the fact that there are two rods
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Figure 3.9.: PLL feedback signal measured when the resonator was excited at 1200 (left) and
400 MHz (right) in a normal fluid helium bath. The corresponding transmitted
power for both signals are displayed in Fig 3.8
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Figure 3.10.: FFT signal obtained with an accelerometer. Left: The accelerometer was placed
outside the cryostat. Right: The accelerometer was fixed to a metal bar. This
bar was used to excite the vibrations inside the hollow resonator rods.

inside the resonator both vibrating at the same resonant frequency. The source
of the vibrations is identified by nucleate boiling, explaining why the oscillations
are mainly observed in a normal fluid helium bath. At 400 MHz less power is
dissipated and hence less bubbles are excited, since RF losses scale approx. with
12

A more rigid support cannot suppress the oscillations, since the rods inside the
cavity are vibrating. A solution would be a faster feedback system, which can keep
the cavity on resonance even when the rods are vibrating. The current system is
similar to the systems applied for all vertical cavity test stands at CERN (LHC,
SPL, HIE Isolde). It has only been modified to be capable for measurements at
the three resonant modes used, by replacing the implemented local oscillator with
an external frequency generator. A feedback system based on a self-excited loop
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[111] could suppress the oscillations furthermore. The implementation is currently
under discussion [112].

The oscillations can be suppressed, but not completely avoided by measuring
inside a superfluid helium bath. At none of the three exploited modes the mechan-
ical oscillations set the final limitation for the highest field level reached. They
only made measurements more cumbersome.

3.6.3. Obtained Accuracy and Resolution

The resolution of the Quadrupole Resonator is limited by the minimum detectable
heating. The temperature controller used (Lake Shore 340) enables to measure the
temperature of the sample surface with a resolution of 0.1 mK. This corresponds
to a heating between 2.5 uW at 2K and 12.5 uW at 8 K for a reactor grade bulk
niobium sample (RRR ~ 70) see Fig. 3.11 (left). To derive the minimal measurable
surface resistance from the minimal detectable heating Eq. (3.10) is differentiated
with respect to Ppco to yield

QMgAPDcz
[ B2dS

Sample

|ARg| = (3.24)

From this equation one can obtain the lowest detectable surface resistance. For
B,=5mT it would be 0.44n(2 at 2K and 2.2n2 at 8 K. For higher magnetic field
the resolution is better, while for materials of higher thermal conductivity, in
particular niobium films on copper substrate, it is worse.

If one wants to analyze the surface resistance as a function of temperature
measured at a single resonant mode for constant magnetic field, the following sta-
tistical error sources need to be taken into account for the analyses if a possible
offset is not considered. The helium bath temperature could only be stabilized to
approx. *+0.3mK. This yields an uncertainty three times higher than the mini-
mal detectable heating. Usually the noise of the current source used to control
the sample temperature (Lake Shore 340), which is 50 uV-+0.001 % of its value as
defined by the manufacturer, exceeds this contribution. The voltmeter used to
measure this (Keithley 2001) was operated in the 200 V range. Here the resolution
of the device is 10 1V, well below the current source noise. The 200V range was
always used, to avoid possible errors in the measurements from range switching.
The non-linearity within this single range must also be taken into account as a
systematic error. The manufacturer defines this value as less then 1 ppm (typical)
and less then 2 ppm (maximum) of range, corresponding to 200(400) uV (typical
and maximum) here. These values are high compared to the statistical contribu-
tions. However, they are defined for the full 200 V range, while only voltages below
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Figure 3.11.: Left: Power dissipated on the sample surface of a reactor grade bulk niobium sam-
ple as a function of temperature. Right: Power measured with spectrum analyzer
from a calibrated input source. The error bars include calibration uncertainties
of the used attenuators.

25V were measured.

If the surface resistance as a function of field for one resonant mode is being
investigated the non-linearity of the spectrum analyzer (HP 8519) needs to be
taken into account. The device can be calibrated by an internal source. It is
not as straight forward to define the linearity of the spectrum analyzer as for
the voltmeter. In order to maintain high sensitivity over a wide power range,
one needs to allow the spectrum analyzer to switch between internal attenuators
depending on input power. Defining a fixed attenuation level would either limit
the measurement range or yield poor accuracy in the low power regime. Instead
of relying on data given by the manufacturer calibrated attenuators were used
to compare the reading of the spectrum analyzer with the applied power, see
Fig.3.11 (right). Deviations of up to 3.4 % were measured. The spectrum analyzer
systematically overestimates the input power.

If one is interested in comparing measurements of different frequencies further
systematic uncertainties need to be taken into account. The spectrum analyzer is
used to measure the transmitted power in the control room. The value measured
here must be correlated to the power transmitted from the cavity. This value
is measured with a power meter (Agilent 3500A). This device has an absolute
accuracy of 5.4 %. Only the power transmitted from the cavity through the coaxial
cable inside the cryostat can be measured directly. To derive the losses in the
coaxial cable a network analyzer is used to measure the cable attenuation. The
network analyzer has a transmission uncertainty of 2.1 %. In combination with
the uncertainties from the field calculations, which need to be taken into account
here as well the total absolute uncertainty is about 8 %. Only at very low fields
do the statistical uncertainties described above dominate the overall uncertainty.
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3.7. Summary

In this chapter it was shown that the Quadrupole Resonator enables to measure the
surface resistance of superconducting samples at multiple frequencies. Its magnetic
field distribution is almost identical for the 400, 800 and 1200 MHz Quadrupole
modes. This, in combination with its frequency dependent ratio between surface
magnetic and electric field, enables unique tests of the non-linear surface resistance.

Possible limitations for operation at 800 and 1200 MHz were identified. The
biggest constraint is set by mechanical oscillations of the resonator rods, trig-
gered by helium boiling inside them. These were found to be most perturbing at
1200 MHz but not preventing measurements in a superfluid helium bath.
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4. Results on Surface Impedance
and Critical RF Field

In this chapter measurement results obtained with the Quadrupole Resonator with
regard to surface impedance and critical RF field are presented. A bulk niobium
and a niobium thin film sample sputtered on top of a copper substrate are stud-
ied in detail. Even though made from the same material different preparations
(Sec.4.1) can yield different loss mechanisms and limitations under RF exposure.

Measuring the penetration depth as a function of temperature enables to de-
termine material parameters related to the purity of the samples, see Sec.4.2.
These are used for analyzing surface resistance (Sec.4.3 and 4.4) and critical RF
field (Sec.4.5) data. A comparison of measurement results with predictions from
theoretical models introduced in Chap. 2 is also carried out.

4.1. Sample Preparation for RF Testing

A reactor grade (RRR ~50) bulk niobium sample was prepared by buffered chem-
ical polishing (BCP). For the final tests precautions were taken to ensure that the
acid temperature did not exceed 15°C, to avoid an increased surface resistance
caused by hydrides [1]. BCP uses a mixture of hydrofluoric, nitric and phosphoric
acids. For the preparation of superconducting cavities these chemicals are usually
used in the volume ratio of 1:1:1 or 1:1:2. The nitric acid oxidizes the niobium
surface. The hydrofluoric acid reduces the niobium pentoxide into a salt, which is
soluble in water. The phosphoric acid acts as the moderator in this chemical reac-
tion giving rise to a less turbulent and more controllable reaction. A description of
the process and possible alternative surface preparation techniques are described
in [113]. For the preparation of the bulk niobium sample the 1:1:2 ratio was used,
which gives an etching rate of approx. 1 um/min [114].

In total, this sample was cooled down nine times. Almost all the results pre-
sented are from the last test run. Exceptions are explicitly mentioned. The first
eight cooldowns had mainly the purpose of developing the test stand and the in-
tegration of new equipment. In the measurements performed between the fifth
and eighth cooldown the sample had a larger surface resistance caused by hydrides
(Q-disease) and quenched at lower field due to a local defect. In the following
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the sample will be referred to as dirty bulk niobium sample, if measurements
were taken during one of these cooldowns. If the data presented is from the last
cooldown the sample will be referred to as clean bulk niobium sample. No data
from the first four cooldowns will be presented. If the condition is not explicitly
mentioned the term bulk niobium sample refers to the clean bulk niobium sam-
ple. Before each RF test in the Quadrupole Resonator the sample was rinsed with
ultrapure water (R>17.5 MQ) at about 5 bar.

The second sample investigated is a niobium
film DC magnetron sputtered with a normal
incident angle on to a oxygen-free high ther-
mal conductivity (OFHC) copper substrate, in ~ Dummy LHC
the following referred to as niobium film sam- Cavity
ple. The deposition procedure was identical to
the one applied for the LHC cavities. In fact a .e— Sample
dummy LHC cavity built of stainless steel was
used as sample holder during sputtering. The
sample was placed in a position at the equator
of the cavity, see Fig.4.1. In a superconduct-
ing cavity operated in the accelerating TMgq-
mode this is the position of high magnetic and
low electric surface fields. The sputter gas used
was argon. Prior to coating, the copper sub-
strate was chemically polished in order to obtain a clean and smooth surface. The
polishing agent used is called SUBU. It is a mixture of sulfamic acid, hydrogen
peroxide, n-butanol and ammonium citrate [62, 115|. Preparation and first tests
on this sample were done in 1998. Before being retested in 2011 it underwent
the same cleaning procedure as applied to the bulk niobium sample, rinsing with
ultrapure water. In between these tests the sample was kept under normal air.

Figure 4.1.: Position of sample for
sputtering.

4.2. Penetration Depth

The fact that in the superconducting state the penetration depth A\ changes rapidly
with temperature can be used for its measurement [97]. If w varies only slowly
with time (w™2dw/dt << 1), U/w is an adiabatic invariant [116]. In this case the
Slater theorem [117, 118] can be applied. It gives a relation between the changes
of the stored energy U and the resonant frequency f,

AU af

o= (4.1)
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At the transition between vacuum and a superconductor the electric field needs to
be perpendicular to the interface. For this boundary condition the Slater theorem
reads:

L I B = ol P)AV
Af o 4 Vv (4 2)
= v '

For clean superconductors the perpendicular electric field penetrates less than 1 nm
in the material and the depth does not change with temperature [52]. This is why,
the electric contribution of Eq. (4.2) can be neglected, allowing to simplify the
expression to

O ol av
af by (4.3)
f U ' '

An increase of the penetration depth ) is equivalent to an increase of the electro-
magnetic cavity volume V' and therefore dV = dAd\. The definition of the sample
geometry factor Gsample Eq. (3.12) is used to derive

GSample

AN = XNT) — Ao " Af, (4.4)
where )\g is the penetration depth at 0 K. Measuring the resonance frequency of
the Quadrupole Resonator for different sample temperatures enables to obtain
AM. Since the host cavity is thermally decoupled, A\ is the value of the sample
surface only. The measurement has been performed using a frequency counter
with a resolution of 1Hz (Racal Dana 1992). The results obtained for the bulk
niobium sample are displayed in Fig. 4.2 (left). The right side shows the data for
the niobium film sample.

From a least squares fit to the Gorter-Casimir expression [119]

ANT) = ——20 (2.44)

Ao and T, are derived. The fit results are displayed by the blue lines in Fig.4.2.
From Ay the electron mean free path [ can be obtained from an expression found
by Pippard [66]:

Al = M1 = o)y /1 + 7;—30 (2.46)
The London penetration depth A\; and the BCS coherence length &, are assumed
to be independent on temperature. Their values were taken from literature, where
for niobium films both values have found to be lower compared to bulk niobium,
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Figure 4.2.: Blue Triangles: Penetration depth change as a function of temperature measured
at 400 MHz for the bulk niobium sample (left) and the niobium film sample (right).
Blue Line: Least squares fit to two fluid model. Black squares: Derived Ginsburg
Landau parameter. Black line (left): x(T) = 1.41/(1 + (T/T¢)?).

see Tab.4.1. The residual resistance ratio RRR was calculated from [ using the

empirical relation [16]
[[nm] = 2.7- RRR. (4.5)

All values of material parameters derived from the A\ measurements are shown
in Tab. 4.2. The uncertainties for the parameters are systematically higher for the
bulk niobium sample for two reasons. The sample has a lower thermal conductivity
and therefore a less uniform temperature distribution on the surface. The value \g
is close to Ap, resulting in a high uncertainty for [, as can be seen from Eq. (2.46).

The Ginsburg-Landau parameter s can be derived from the measured penetra-
tion change A\ and the derived penetration depth at 0K \g by Eq. (2.43):

AT 23T, 1)% - (1= (£)?)
B SoAL

where A\(T,1) = Ao + AX. The Ginsburg Landau parameter is expected to depend

, (2.43)

Table 4.1.: Literature values of material parameters

Sample AL innm & in nm References
Bulk niobium 32 39 [53]
Niobium film 27 33 [62]
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4.3. Low Field Surface Resistance

on temperature as

o (0)
1) - — Bh

as can be seen be applying Eq. (2.44) to Eq.(2.43). This dependency is well ob-
served for the bulk niobium sample, see Fig. 4.2 (left). For the niobium film sample
this is not the case for the whole temperature range. Figure 4.2 (right) shows an
increase of k for decreasing temperature as expected, but close to the critical tem-
perature T, x is almost constant. This can be explained by the non-uniformity of
the film. The penetration depth for which « is obtained is between 74 nm close to
0 K and up to 500 nm close to 7.

(4.6)

Table 4.2.: Material parameters derived from least square fits to penetration depth measure-
ments

Sample Ao in nm T, in K [ in nm RRR

Bulk niobium 39+4 9.25+0.03 110£40  42+£16
Niobium film 73.841.6 9.244+0.002 12.1 £0.4 4.540.2

4.3. Low Field Surface Resistance

The Quadrupole Resonator was designed to measure the surface resistance Rg
of the samples attached by the RF-DC compensation technique, introduced in
Sec. 3.3. For magnetic fields below 15mT Ry is assumed to be independent of the
field strength and can be written as a sum of BCS and residual resistance,

Rs = Rpcs(f,T) + Rres(f)- (4.7)

Figures 4.3 and 4.4 display Rs for an applied RF magnetic field of approx. 15mT in
the temperature range between 2 and 10.6 K for the bulk niobium and the niobium
film sample respectively.

In the normal conducting regime above T, the surface resistance depends only
slightly on temperature as can be seen from the flat curves in this area. For these
temperatures the normal conducting surface resistance of the sample Ry can also
be derived by a non-calorimetric 3dB bandwidth method [120]. The measurement
is only possible when the sample is normal conducting and the coupling changes
from strongly overcoupled to strongly undercoupled. This means that in the latter
case the majority of the power coupled in is dissipated on the sample surface
instead of being coupled out. The loaded quality factor ()1, consists of the quality
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Figure 4.3.: Surface resistance of the bulk niobium sample for three frequencies as a function
of temperature, measured at a magnetic field of about 15 mT. The solid lines show
least squares fits to BCS theory. In the normal conducting regime above 7. the
surface resistance was also derived from 3 dB bandwidth measurements.

factors of the host cavity ()¢, the sample Qgampie and the two couplers combined

Qext

1 N 1 N 1
QL Qext QC QSample '
In the superconducting state @, was measured to be about 10°, dependent on
frequency. The quality factor of the sample QQsample can be derived from the calori-
metric measurement:

(4.8)

GSam le
Ry = —21P¢ 4.9
i QSample ( )

where Ggample 15 the geometry factor of the sample. It relates the losses on the
sample surface to the stored energy in the cavity. At 2K Rs is several tens of
nanoohms corresponding to Qsample values of several times 10°. The host cavity
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Figure 4.4.: Surface resistance of the niobium film sample for three frequencies as a function of
temperature, measured at a magnetic field of about 15mT. The solid lines show
least squares fits to BCS theory.

is made of the same material as the sample. Therefore, its surface resistance is
considered to be almost identical. From this assumption and the field configuration
of the Quadrupole Resonator one can estimate (¢ to be about ten times lower
than Qsample. This is still two orders of magnitude higher than r,, allowing to
simplify Eq. (4.8) to
1 1

QL Qext .
If the sample is normal conducting the system becomes undercoupled. The host
cavity remains superconducting, since it is thermally decoupled from the sample.
Thus, 1/Qc¢ remains negligible and Eq. (4.8) reads

(4.10)

L1,
QL Qext

Qsample can now be calculated with Qex obtained from the measurement in the
superconducting state. From Qsample One derives Rg using Eq. (4.9).

The results from these non-calorimetric 3dB bandwidth measurements agree
within 4% with the results obtained from the calorimetric measurements, see

O (4.11)
ample

29



4. Surface Impedance and Critical RF' Field

Fig.4.3. They verify the calorimetric approach and therefore give also confidence
in the measurements at lower temperatures. The surface resistance in this normal
conducting regime is found to be proportional to v/f as expected for normal skin

effect. It can be expressed as
7 f 1o
Ry =\ 555— 4.12
N RRR - 0_07 ( )

where o( is the electrical conductivity at room temperature. Its value 6.58 -
10% (Qm)~! is taken from literature [7] to derive RRR=68.6+3.5. This value is
larger than the one derived from the penetration depth measurements, see Sec. 4.2,
which can be explained by the different thickness of the surface layer penetrated by
the magnetic field. In the normal conducting state the penetration depth is about
10 times higher than in the superconducting state for the bulk niobium sample at
the frequencies investigated!.

The solid lines in Fig.4.3 and 4.4 show predictions from least squares fits to
BCS theory performed with Win Super Fit [121, 122|. The program uses the
Levenberg-Marquardt algorithm [123, 124] for x? minimization. It is based on
the widely used Halbritter code for the calculation of the surface resistance [45].
The implementation has been done using the algorithms found in [125]. For the
data presented here the superconducting energy gap A and the residual resistance
Rpes were varied to minimize y2. The derived values for both samples are given
in Tab.4.3. Other input parameters, which were set constant in the program are
the critical temperature 7. and the mean free path [ derived from penetration
depth measurements, see Tabh.4.2. The BCS coherence length &, and the London
penetration depth Ay were taken from the literature, see Tab. 4.1.

The obtained residual resistance Rges of the bulk niobium sample is as expected
for reactor grade material [126]. For the niobium film sample Rpge is about 10
times higher at all frequencies. A further analysis of the residual resistance of
both samples can be found in the next section. The energy gap A of the bulk
niobium sample is found consistent for the three measurements. It is also consistent
with theory and other measurements [53|. For the niobium film sample A has a
lower value. This sample was kept under normal air for 11 years prior to the
measurements presented here. Therefore it is strongly oxidized. It has been shown
that oxidation can reduce the energy gap [127]. Taking this into account allows to
conclude that for the niobium film sample the energy gap is also obtained consistent
with theory and other measurements at 400 MHz and 800 MHz [127]. At 1200 MHz

! Deriving RRR by this method is only applicable for the bulk niobium sample, because the

normal conducting penetration depth in niobium is larger than the film thickness of the niobium
film sample. The magnetic fields not only penetrate the niobium film but also the copper
substrate.
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4.3. Low Field Surface Resistance

a derivation of A was impossible, because at this frequency the error of the surface
resistance is higher than for the two other frequencies due to mechanical vibrations
of the resonator rods, see Sec.3.6.2. These vibrations result in fluctuations of the
transmitted power, inversely proportional to the surface resistance. The energy
gap A is correlated only to the BCS and not to the residual part of the surface
resistance. At 2K and 1200 MHz the BCS contribution to the surface resistance
of this sample is 6.8 n) [45]. This is about ten times lower than the statistical
fluctuations of the total surface resistance Rg.

Another observation is that at 1200 MHz the increase of the surface resistance
with temperature was lower than expected from BCS theory. Due to the high
surface resistance the measurement was performed with variable pulse lengths
up to 4K, because in CW operation the RF dissipation would have resulted in
a higher temperature even for low field. The fact that the surface resistance
increases less than expected in the regime where the measurement was performed
with variable pulse length is an indication for a loss mechanism which is more
pronounced at low duty cycle and/or low temperature. This could for example be
the permanent quenching and re-condensation of a weak spot. Another feature,
which cannot be explained within BCS theory for pure niobium, is that Ry is
higher at 800 MHz than at 1200 MHz in the temperature regime between 6 and
8K, see Fig.4.4. The gradient dRs/dT of the 800 MHz-curve in this temperature
regime is higher than expected from BCS theory, indicating an additional loss
mechanism. This could also be the permanent quenching and re-condensation
of a weak spot. It might be only observable at 800 MHz, because at 400 MHz
the spot remains superconducting and normal conducting for 1200 MHz, yielding
permanent dissipation only at 800 MHz. These deviations from the BCS values of
pure niobium might be correlated to oxygen enrichment at the surface, which can
cause weak spots with transition temperatures below 7.2 K [128|.

For the frequencies of 400 and 800 MHz at temperatures below 6 K all data
can be well understood within BCS theory for pure niobium. This is the regime,
which will be used to analyze the dependency of the surface resistance on field in
the following.

Table 4.3.: Material parameters derived from low field surface resistance measurements below

45K
Bulk Niobium Niobium Film
fin MHz | A/kg in K Rges in nQ2 || A/kg in K Rpes in nf2
400 18.240.5 19.8+0.8 14.940.9 29548
800 18.440.4 62.8+0.6 15.840.5 788+3
1200 18.540.2 99.8+0.7 - 1600+£30
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4.4. Surface Resistance as a Function of Applied
Field

4.4.1. Analysis of Individual Curves

In this section individual curves of the surface resistance as a function of applied
field are presented. Measurement results are compared with analytical expressions
introduced in Chap.2. Results obtained at 4 K are investigated due to the high
sensitivity of the calorimetric method at this temperature. At 4 K measurements
can be performed in CW mode up to relatively high field values, avoiding error
sources only relevant for pulsed measurements, see Sec.3.3. The frequency of
400 MHz allows for measurements at 4 K up to highest achievable RF fields in CW
operation, because at this frequency the least power is dissipated on the sample
surface. This mode is least affected by mechanical vibrations and is the only mode
for which the maximum RF field is not limited by the available amplifier power,
see Sec. 3.6.

For the bulk niobium sample results will be presented from two cooldowns.
In the tests performed during the sixth cooldown the sample showed a higher
surface resistance caused by hydrides and early quench at a local defect. In this
dirty condition the sample had a residual resistance of 55.6+0.2n€). Its energy
gap A/kp=17.0+1.1 K was found to be lower as compared to 18.4+0.5K for the
sample being in a clean condition. The clean condition was obtained before the
ninth and final cooldown by an additional chemical etching (BCP 100 um), see
Sec.4.1.

Figures 4.5 and 4.6 display the surface resistance as a function of applied RF
magnetic field for the clean and the dirty sample respectively. For the niobium film
sample the data is displayed in Fig.4.7. In the following the applicability of five
models, introduced in Sec. 2.3, to the individual curves will be discussed. These
models account for the non-linear surface resistance by different field dependent
loss mechanisms.

e The pair breaking and the weak layer model consider the energy gap to be
dependent on magnetic field.

e The hot spots model takes localized heating from defects into account.

e Scattering of thermally activated quasiparticles at impurities is the source
for non-linear losses as described by the impurity scattering model.

e Tunneling of electrons between localized states in oxides and states in the
superconductor yields losses as described by the interface tunnel exchange
model.
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Figure 4.5.: Surface resistance at 400 MHz and 4 K as a function of applied magnetic field for
the clean bulk niobium sample.

The data has been analyzed using the standard MATLAB® [129] algorithms
from the curve fitting toolbox, including the coefficient of determination R?. The
closer the value of R? is to unity the better the data is represented by the applied
model compared to the simple average. Therefore data of the clean bulk niobium
sample with the largest spread between minimum and maximum value of Rs gave
the highest values of R? for all models. For the niobium film sample R? is lowest
for all models due to its high residual resistance. This has to be taken into account
when the applicability of one model to the individual samples is compared, while
R? values obtained for one sample by different models can be directly compared
to each other. Tables 4.4 to 4.7 show the derived fit parameters and the coefficient
of determination R? for all models, except for the pair breaking model, which does
not include any free parameters. The errors given for the derived parameters are
the 95 % confidence bounds.

Interface tunnel exchange: To fit the data according to the interface tunnel
exchange (ITE) model an additional residual surface resistance R,es accounting
for the losses at low field is added to Eq. (2.26). The complete formula reads

RE.  f .
Rg = Ryes + —20___—___ [ —b/Ep _ o=b/E E > E° 413
5 t ., 100Mmz L ¢ e = (4.13)
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Figure 4.6.: Surface resistance at 400 MHz and 4 K as a function of applied magnetic field for
the dirty bulk niobium sample.

The frequency dependent factor cs introduced in Sec. 3.4 transforms the electric
losses to an equivalent magnetic surface resistance. This allows writing the residual
losses assumed to be caused by the magnetic field and the non-linear losses caused
by the electric field in one sum. The model can give a good prediction for all
three data sets. It is the only model giving a reasonable fit for the dirty bulk
niobium and the niobium film sample. The source for losses from interface tunnel
exchange is oxidation and especially crack corrosion along grain boundaries [57]. Tt
is therefore not surprising that ITE is the dominant loss mechanism for dirty bulk
niobium and niobium film surfaces. The derived fit parameters, found in Tab. 4.4,
have high uncertainties for b and RE,,. These two parameters influence each other
very strongly. If one is altered the other can compensate for this change giving a
good fit over a wide parameter range. A better determination of these parameters
is possible by a collective fit to a larger data set comprising curves of different
frequencies. These are discussed in the following section.

Table 4.4.: Fit parameters interface tunnel exchange model

| Rpes in 02 RE,in uQ E°in MV/m bin MV/m R

Bulk clean | 44.840.5  0.13£0.03 <1.06 9.0£0.5 0.996
Bulk dirty 87%1 0.3-1.4 1.00+0.05 0.8-3.8 0.993
Film 320+£20 0.15-800 0.48+0.22 <23.5 0.943
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Figure 4.7.: Surface resistance at 400 MHz and 4 K as a function of applied magnetic field for
the niobium film sample.

Pair breaking and thermal feedback: The pair breaking model, Eq. (2.15) in-
cludes no free fit parameters. The total surface resistance Rs including also BCS
and residual losses is expressed as

1 2 [A? B, 2
5(7) ()
where Rres and Rpcg are taken from the low field surface resistance measurements,
see Sec.4.3. The predicted increase of Rges with applied RF magnetic field is far too
low to explain any of the three data sets. It cannot be correlated to global thermal
feedback either, because this effect does not occur in the Quadrupole Resonator.
The measured temperature is precisely the temperature of the RF side. Therefore,
it can be concluded that global thermal feedback, even in combination with pair
breaking in the current carrying state can be excluded as the dominant mechanism
for the medium field Q-slope.

Results from Ciovati on temperature maps of the outer cavity surface of el-
liptical cavities as a function of applied field have shown that localized defects
contribute to the medium field Q-slope [122]. Localized heating is detectable with
the Quadrupole Resonator. Four temperature sensors are placed on the back side
of the sample. Since the RF field is axial symmetrically distributed on the sample
surface, see Fig4.8 (left), two diodes should always measure the same temperature

Rg = Rpcs + RRes, (4.14)
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Figure 4.8.: Left: Position of the temperature sensors (diodes) on the back side of the sample
and magnetic field B on the sample surface. Right: Difference of the temperature
without and with the RF field applied measured with four diodes as a function of
applied field B.

if the heating is uniform. Figure4.8 (right) shows the difference of the measured
temperature without and with the RF field applied. The data is depicted for the
bulk niobium sample in dirty condition, corresponding to the measurement of the
surface resistance displayed in Fig. 4.6. The DC current applied to the heater on the
back side of the sample is controlled to keep the temperature of diode 1 constant.
Diode 2, located opposite to diode 1, shows the same temperature independent of
the applied RF magnetic field, see Fig. 4.8 (right). This indicates uniform heat-
ing. The diodes 3 and 4 are placed in a position of lower field. Therefore, these
two sensors show a lower temperature when the heating is mainly caused by RF
(higher field). These two diodes also show no indication of localized heating up to
40mT, within their resolution, represented by the size of the symbols in Fig. 4.8
(right). Only above 40 mT diode 3 shows a higher temperature than diode 4 when
the RF field is being applied. Above 45mT the temperature cannot be controlled
any more. It slowly rises until a quench occurs. The surface resistance becomes
unmeasurable. It can be concluded that medium field Q-slope can occur without
localized heating even if a defect is found on the sample.

Hot spots: The conclusion that localized heating is not responsible for the non-
linear losses is also supported by the relatively poor agreement of the hot spots
model with all measured curves. It is represented by Eq.(2.20) and the linear
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resistance Ry, = Rpcs + Ryes:

g
1= (By/Bro)?|

Rs = Ry |1+ (4.15)

For the clean bulk niobium sample it has a relatively high coefficient of determi-
nation R2=0.96, but one can clearly see in Fig. 4.5, that the data is systematically
underestimated between 30 and 45 mT. The measurement is not well represented
by the fit.

The hot spots model has been successful in predicting the surface resistance of a
bulk niobium cavity which showed a Q-drop around 120mT [130]. In this publica-
tion a relative high coefficient of determination R*=0.960 was derived. However,
the fit presented underestimated the medium field Q-slope and the high value of
R? was only obtained, because the data included high field data, where the Q-drop
occurs. Localized heating at hot spots can certainly cause quenching; it might also
be responsible for the Q-drop at high fields. However, strong medium field Q-slope
cannot be explained by this model.

Table 4.5.: Fit parameters hot spots model
‘ By in mT g Ry, in nQ)  R?
Bulk clean 50-77 0.02-0.9 24-47 0.96
Bulk dirty 45-80 0.04-2.6 24-87 0.82
Film 40-75 0.08-16 24-330 0.74

Weak layer: The weak layer model can predict the data slightly better than the
hot spots model. It is represented by

A PrUs
R =A T . 4.16
BCS exp ( e T + kBT> ( )
with?
1/2
pets _ Bpdoewr (1)1 : (2.18)
kBT kBT Ps

where ps is the superfluid density, which is one at 0 K and zero above the critical
temperature 7.. For the clean bulk niobium sample the data is especially well
fitted by the model. The biggest issue with the derived fit parameters however is,
that ps is found with an unphysical value above 1 for all curves, see Tab. 4.6.

2 These two formulas are derived without taking into account a weak layer. The model is named
here weak layer model only, because the formula was derived as part of a model which contains
a weak layer to describe the surface resistance especially in the low field region.
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Table 4.6.: Fit parameters weak layer model
Ain u) Ps R?
Bulk clean | 1.69+0.10 16-23 0.97
Bulk dirty | 2.0040.10 10-16 0.95
Film 1.240.9 2-17 0.76

Impurity scattering: The impurity scattering model is represented by Eq. (2.16)
plus BCS and residual losses:

B 2
RS =11 —F’Y(Z,M,T) <§p)

C

RBCS + RRes- (417)

It fails to give a good prediction for the dirty bulk niobium and the niobium film
data. The R? value for the dirty bulk niobium sample is relatively high, but it can
be clearly seen in Fig.4.6 that the model systematically overestimates the data
between 10 and 20 mT, while it underestimates the data between 20 and 30 mT.
The measurement is not well represented by the fit. This model predicts the curve
of the clean bulk niobium sample best, see Tab. 4.7.

Table 4.7.: Fit parameters impurity scattering model

‘ RBCS in nf) Y R2
Bulk clean | 24.3+£0.5 11.7+0.6 0.997
Bulk dirty 3042 1614 0.94
Film 40£20 8060  0.78

In other publications a quadratic dependence of the surface resistance on field
has been widely found in the intermediate field region, see for example [57]. It is,
however, unknown how the parameter v depends on temperature. The percolation
model [61] predicts a factorization of the temperature and the field dependent
part of the non-linear surface resistance and therefore 7, to be independent of
temperature. In contradiction the impurity scattering |37, 59] model predicts v to
decrease with temperature similar to the pair breaking model.

Experimental results for the frequency dependence of ~ are rare. Elliptical
cavities can be excited at multiple frequencies, but the field configurations are
different for each mode. The other option is to use several cavities of same shape
and field configuration but with different size and resonance frequency. In this
case the challenge is to produce identical surface conditions for each cavity. The
Quadrupole Resonator modes at 400 and 800 MHz have almost the same magnetic
field configuration. This, and the wide available temperature range, make it the

68



4.4. Surface Resistance as a Function of Applied Field

perfect tool for probing the dependence of v on temperature and frequency. Figure
4.9 shows the BCS surface resistance of the clean bulk niobium sample as a function
of field at 400 (left) and 800 MHz (right) for several temperatures. The residual
resistance derived in Sec. 4.4 has been subtracted for all curves. The data is plotted
in a semi-logarithmic scale. This allows to see how v depends on T'. If the curves
are parallel, v is a constant. This seems to be the case for most of the curves. The
measurement at 400 MHz and 6 K appears to deviate from a constant . However,
it is apparent that the derived least squares fit overestimates the low field data
and underestimates the high field data, yielding a lower value of 7. Figure 4.10
depicts all the derived values of . Within the error bars, representing the 95 %
confidence bounds, there is no dependency of v on temperature or frequency.

This allows to conclude that ~ is independent of temperature, at least between
3 and 7.5 K. Furthermore, no significant dependence on frequency at least between
400 and 800 MHz is found. A constant v implies a factorization of the non-linear
surface resistance in a temperature and a field dependent part as predicted by the
percolation model.
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Figure 4.9.: Surface resistance at 400 (left) and 800 MHz (right) as a function of applied mag-
netic field for the bulk niobium sample in clean condition. The curves are from

buttom to top for 3, 4, 5, 6, 7 and 7.5K at 400 MHz and for 4, 5, 5.5 and 6 K at
800 MHz.
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Figure 4.10.: Q slope parameter 7 of the clean bulk niobium sample as a function of temper-
ature for 400 and 800 MHz. The values are derived from the data displayed in
Fig.4.9.

4.4.2. Analysis of Large Data Sets

In the following, two data sets each comprising about 200 quadruples (Rs, B, T, f)
obtained with the Quadrupole Resonator are investigated by least squares multi-
parameter fits to the whole data sets. Tested are the percolation and the interface
tunnel exchange model. All the other models, considered in Sec. 4.4.1 were in con-
tradiction with the data of the single curves and will not be considered anymore.

The data sets comprise only measurements performed at 400 and 800 MHz. At
1200 MHz the available amplifier power limited the measurement range to about
15mT3. Furthermore, stabilizing the field level at this frequency is rather difficult
due to 69 Hz mechanical oscillations of the resonator rods, see Sec.3.6. Results
obtained on the clean bulk niobium sample and the niobium film sample will be
presented. No data of the dirty bulk niobium sample will be considered here,
because it was only measured at 400 MHz for fields above 15 mT, since a 800 MHz
amplifier was not available during these early tests.

Percolation Model Data of the bulk niobium sample consisting of 215 quadru-
ples (Rs, B, f, T) has been analyzed by a least squares fit to the percolation model,
introduced in Sec. 2.3.2. This model assumes the total surface resistance Rg to be

3 Later on measurements of the critical field at 1200 MHz for higher field levels will presented.
These measurements were carried out with a different amplifier, which was unavailable at the
time the surface resistance measurements were performed.
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a sum of a linear BCS contribution Rgcg, a non-linear field depended part R, and
a residual part independent of temperature and magnetic field B

Rs(f,T,B) = Rpcs(f,T) + Ru(f,T, By) + Rres(f). (4.18)

where for the BCS contribution

30, MT DY 12TAG \ 4
~ : e /ksT 2.12
fincs = gt oo I =5 In | e )¢ (2.12)

is used here, since it gives a good approximation if the mean free path [ is larger
than the BCS coherence length &, [1]. For the clean bulk niobium sample this
is the case, as has been shown by penetration depth, low field surface resistance
and normal conducting surface resistance measurements. All the parameters of
Eq.2.12 were derived by at least one of these methods. Since Eq.2.12 is only an
approximation, it was decided to vary the penetration depth at 0 K and use the
Gorter-Casimir expression [50] for its temperature dependence

ANT) = B N _ (2.44)

Y
1- (%)
The value of the superconducting energy gap A/kp=18.4K was taken from the

low field surface resistance measurements. The residual resistance ratio RRR and
the mean free path [ are directly proportional to each other [16]

I[nm] = 2.7 - RRR. (4.5)

Their values have no influence on Rpcg, because in the clean limit the surface
resistance is not affected by impurity scattering [1]. The values of the conductivity
at room temperature for niobium 0y=6.58 - 10 (Qm)~! [7] and the BCS coherence
length £,=39nm [53] are taken from literature. The residual resistance comprises
a constant and one part scaling quadratically with frequency:

Rpes = pgw?0o - RRR - NJAy + Rpeso. (2.28)

Here RRR—42 is taken from the penetration depth measurements, see Sec.4.2.
Fit parameters used for Rges are its penetration depth Ay and its frequency inde-
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pendent part Rges2- The non-linear surface resistance is described by
T-T
Ry = [RResl + paw?ooRRR - Ax*O(T' — T) (g)]

(Tc - T,)
2
2 Bp
] In [1—/{ (BC(T)> ]
— +

K2 B 2 )
w(sity)

Three parameters from this equation are altered for the least squares fit. They are
the field but not temperature depended residual resistance Rges1, the penetration
depth of the non-linear resistance Az and the percolation temperature 7’. The
critical temperature 7,=9.25 K and the Ginsburg-Landau parameter (0 K)=1.41
are taken from the penetration depth measurement. The dependence of x on T is
assumed to be

(=1) (2.23)

oy n(0)
(1) -— Oh

as derived in Sec.4.2. The critical thermodynamic field B.=199 mT is taken from
literature [131, 132].

In total six parameters are varied to minimize x2. From Eq.(2.12) the penetra-
tion depth at 0K, A\g is altered. To account for the residual resistance Rgq» and
Ay are varied in Eq. (2.28). The surface resistance is field dependent already below
the percolation temperature 7”. This is accounted for by Rres;. For temperatures
above T” the surface resistance increases with applied field by a factor related to
the penetration depth of the non-linear surface resistance Ax.

(4.19)

For comparison the data has been analyzed using a simple quadratic factoriza-
tion of the BCS resistance, instead of the non-linear resistance from the percolation
model. The residual contribution is used identically, yielding for the total surface
resistance Rg:

B 2
Rs = Rpcs (1 + 5 (E") > + p12w? oo RRR - N2Ay + Rpeso (4.20)

with the same expression for the BCS resistance as used for the percolation model,
Eq. (2.12). The quadratic BCS factorization model has only one parameter v to
account for the non-linear losses. In total it has two fit parameters less than the
percolation model accounting for the field dependent surface resistance with Ay,
Rpes1 and T7.

About one fifth of the complete data set and the predictions from the two models
are displayed in Fig.4.11. The error bars in this graph account for all statistical
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Figure 4.11.: Surface resistance at 400 MHz (2.5 K (blue), 4K (magenta)) and 800 MHz (2.5 K
(black), 4K (red)) of the clean bulk niobium sample. The lines show predictions
from least squares multiparameter fits to the complete data set comprising 215
values Rg(B, f,T). Solid line: Prediction from Percolation Model. Dashed line;
Prediction from quadratic BCS factorization model.

uncertainties. All the derived parameters can be found in Tab.4.8. The given
errors are the 95 % prediction bounds. For a x? statistics they can be calculated
for each parameter as following [125]:

e The parameter, for example Ao, for which the error shall be calculated is set
to a fixed value, different from the value for which y? was at its minimum

X?nin'
e By varying all other parameters a new minimum of x? > x2. is derived.

e The value of ) is altered in both directions until x* = x2,, +4 is found. This
value defines the 95 % confidence bounds.

This can be understood as the projection of an N-dimensional ellipse in parameter
space to the one dimensional space of the parameter \g, where N is the number
of free parameters. As an example y? — x2. is displayed for the penetration
depth \g in Fig.4.12 (left) as calculated with the percolation model. The right
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Figure 4.12.: Calculation of the 95% prediction bounds for the parameters )\g, from a least
squares fit to the percolation model (left) and v derived from a least squares fit
to the quadratic BCS factorization model (right).

side of this figure shows the Q-slope parameter v, derived with the quadratic BCS
factorization model.

Both models find a value of x? close to the number of quadruples, see Tab. 4.8.
This is an indication that the data is well represented. The simpler model (quadra-
tic BCS factorization) gives the larger value of x? indicating a worse prediction.
The two models share three common parameters, which are found with identi-
cal values within the uncertainties. The value of the penetration depth at 0K
Ao is closer to the London penetration depth A;=32nm than to value of 39 nm
derived from its direct measurement, see Sec.4.2. This can be correlated to the

Table 4.8.: Parameters derived for least square fits to two different models for the surface re-
sistance of the clean bulk niobium sample

Parameter Percolation  Quadratic Values
Model BCS from [61]

Ao in nm 32.454+0.15 3244+0.2

Ay in nm 3.29£0.06 3.26+£0.07 1

RRes2 in nf) 3.4+04 3.3+0.7 3

RResl in n{2 28+t6 - 25

T K] 2.78 +0.08 - 2.015

Az in nm 76.0 £ 1.5 - 41

v - 105 £ 1.7 -

Quadruples

(Rs, By, f, T) 215 215

2 204.8 241.2 -
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approximative nature of Eq. (2.12).

The parameter describing the frequency independent part of the residual resis-
tance Rpego is found as expected. The other parameter accounting for residual
losses Ay is found higher than in [61]. Since this contribution is linked to losses
from electrons remaining unpaired even for lowest temperatures, Ay can only be
understood as an effective penetration depth. Being the only fit parameter ac-
counting exclusively for frequency dependent residual losses; it must be certainly
correlated to the defect density of the material. In [61] a variety of cavities of
different surface treatment were investigated by a y? minimization. These cavities
were made of high grade material. It is therefore not surprising that a higher value
Ay is found for the reactor grade bulk niobium sample.

The parameters accounting for the non-linear surface resistance in the percola-
tion model 7", Az and Rges; are all found with larger values compared to [61].
Only Rpgeso is consistent within the error range. The physical interpretation of
Ax must be as an effective penetration depth, similar to Ay. It is correlated to
the number of unpaired electrons created by the percolation effect, see Sec 2.3.2.
These allow for early flux entry already at magnetic field values below about 100-
130mT, where the Q-drop starts and complete flux tubes enter the material. The
percolation temperature 7" is found to be significantly higher than in [61]. How-
ever, it must be stated that only measurements at 2 K and above have been taken
into account for the analysis presented here and at 2 K the residual resistance was
highly dominating the overall losses. Further tests of the percolation model with
the Quadrupole Resonator would require a lower bath temperature and a sam-
ple with lower residual resistance. For the tests carried out in the framework of
this thesis the lowest bath temperature achieved was 1.8 K and the lowest residual
resistance was about 20 nf).

Even though, 2 is lower for the percolation model, one may argue that the
introduction of a separate non-linear resistance might not be necessary, since the
data can be well represented by the factorization of the BCS resistance. The value
found for 7 is consistent with the values derived in Sec.4.4.1 for the same sample
but different temperature range. For the collective fit here the range between 2
and 4.5 K was used. Above 4.5K Eq. (2.12) becomes invalid. For the analyses of
the single curves temperatures between 3 and 7.5 K were investigated. Below 3 K
the residual resistance is the dominant contribution resulting in a large uncertainty
for ~, if it is derived from a single curve with fixed temperature.

Due to the inhomogeneous field distribution on the sample surface of the Qua-
drupole Resonator, the non-linear surface resistance R, is underestimated com-
pared to a system with a complete uniform magnetic surface field. If R, increases
quadratically with magnetic field it is underestimated by a factor of 0.55 identi-
cally for the modes at 400 and 800 MHz as has been calculated with Microwave
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Figure 4.13.: Relative residuals from the x? minimization to the percolation model (left) and
the quadratic BCS model (right); blue dots (400 MHz), black dots (800 MHz)

Studio® [102]. This affects the parameter v of the quadratic BCS factorization
model and Az and Rpgeg of the percolation model. If one would measure the
surface resistance of the bulk niobium sample with a system with a completely
uniform magnetic field one would derive a value of y=19.1 instead of 10.5 as found
with the Quadrupole Resonator. This is important to note in order to compare
results obtained with different systems. For example elliptical cavities designed
to accelerate particles traveling close to the speed of light underestimate the local
field only by a factor of about 0.9 [64]. A detailed description how to correlate the
measured Rg to its local value can be found in [64].

Systematic deviations of the derived surface resistance Rg(f;, By, Ti) can be
found by visualizing the residuals [133]

ei = Rs(fi, Bp,i, Ti) — Rg;. (4.21)

Since all measured Rg; have approx. the same relative error it was decided to
analyze the relative residuals €;/Rs(fi, B;, T}). In Fig.4.13, they are displayed as
a function of Rs(f;, B, T;) for the percolation model (left) and the quadratic BCS
factorization model (right). The relative residuals are evenly distributed around
zero, but systematic trends can be seen. For example the 800 MHz data is sys-
tematically underestimated between 110 and 150 n{2. These values correspond to
one measurement at constant field. Above 150n{) Rg is systematically overesti-
mated. The same trends are found for both models, indicating that they are either
caused by a common term used in both models, for example the BCS resistance,
or by systematic deviations in the measurements. Subtracting the mean value
of the residuals separately for these two surface resistance ranges and minimiz-
ing x? again yielded no change for the parameters derived within their prediction
bounds, allowing to conclude that these systematic deviations have no influence
on the parameter values derived.
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Interface tunnel exchange The interface tunnel exchange (ITE) model could
not give a reasonable fit for the data set of the bulk niobium sample. Two predic-
tions from this model are not found in the data. According to ITE the increase of
the surface resistance is only slightly dependent on temperature with the energy
gap A and losses caused by I'TE scale linearly with frequency. One can clearly see
from Fig.4.11 that both predictions are in contradiction to the measurement re-
sults. Note the strong slope observed for 4 K at 400 MHz, in comparison to the flat
curve at 2.5 K and 800 MHz. It can be concluded that interface tunnel exchange
is not the main contributor to the Q-slope observed for the bulk niobium sample
in clean condition.

In the following a data set comprising 183 quadruples (Rsf,T, B) of the nio-
bium film sample will be analyzed by x? minimization. For this sample the field
dependency of the surface resistance was found to be different compared to the
bulk niobium sample. An exponential increase going into saturation for higher
fields was found. This behavior could not be explained by the percolation or the
quadratic BCS factorization model, but has been correlated to losses from inter-
face tunnel exchange (ITE), see Sec.4.4.1. These losses are caused by the surface
electric field. That is why, for the total surface resistance an additional term RE
accounting for these has to be added. Assuming this part to be additive to the
other losses, Rg becomes

RE(f, Ey)
RS(f7 T7 Bpa Ep) - RBCS(fa T) + Rnl(f7 Ta Bp) + RRes(f) + 0—7 (422)
3
where the frequency dependent factor c3, introduced in Sec. 3.4, transforms the
electric losses to an equivalent magnetic surface resistance allowing to write the

complete losses in one summation.

For the niobium film sample the scaling of the residual resistance with frequency
was found to be linear rather than quadratic, indicating other loss mechanisms.
A linear dependence on frequency is a hint for losses contributed once per RF
cycle. From the low field surface resistance measurements, Sec.4.3, a residual
resistance of (2954+8) nQ) at 400 Mhz and (788+3) nQ2 at 800 Mhz was found under
the assumption that they are caused by the magnetic field. Tt is unlikely that Rges
is correlated to the surface electric field, because for the Quadrupole Resonator the
electric surface resistance RE and the magnetic surface resistance Rg are correlated

to each other by
400 MHz

£2
Thus, if one assumes the residual surface resistance to be caused by the electric

field, one derives from the measured heating R§=(1580+40) nQ at 400 Mhz and
RE=(1050440) nQ at 800 Mhz. This would imply an unphysical higher electric

RS = c3Rs = 53.5Rg (4.23)
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surface resistance at lower frequency. This allows to conclude that Rges is at least
mainly caused by the magnetic field. For the data analysis of the niobium film
sample the residual resistance is assumed to be a sum of a frequency independent
part plus a term scaling linearly with frequency, normalized to 400 Mhz

RRes = RResQ + RRes400 (424)

400 MHz

Two parameters of this equation Rres» and RResaoo are altered to minimize x?. For
the BCS resistance

Rucs = 12w2ouRRR - AT P21 (2 )2 (2.11)
BCS = MW O¢ ) kT n T T .

is used, which is a good approximation in the dirty limit (I < A) and therefore
applies better than the clean limit to the niobium film sample, for which \ was
found to be larger than [, even at 0 K. All the parameters of Eq. (2.11) were either
derived by the penetration depth or the low field surface resistance measurement.
However, since Eq.2.11 is only an approximation, it was decided in analogy to
the analysis of the bulk niobium sample, to vary the penetration depth at 0K
and use the Gorter-Casimir expression Eq. (2.44) for its temperature dependence.
The residual resistance ratio RRR=4.5 is taken from the penetration depth and
the superconducting energy gap A/kg=15.3 K from the low field surface resistance
measurement.

The field dependent surface resistance is assumed to comprise magnetic and
electric contributions. For the magnetic part a quadratic factorization of the BCS
resistance with one free parameter ~, as found for the bulk niobium sample, is
assumed. The dominant non-linear loss mechanism for this sample is caused by
interface tunnel exchange described by Eq. 2.26

R]SE = RE f efb/ED — efb/EO

—_— E, > E° 2.2
S,400 400 MHZ ) b = ) ( 6)

with the fit parameters RSAOO, b and E°. In total seven parameters were varied to

minimize y2. The values found and the corresponding 95 % prediction bounds can
be found in Tab. 4.9.

The penetration depth at 0K is found consistent with the value of its direct
measurement, see Sec. 4.2. The residual resistance is found to be lower compared
to the measurement at low field, see Sec.4.3. The reason for this is that I'TE already
contributed to the losses for this measurement performed at approx.15mT. The
value of the parameter v, accounting for the non-linear magnetic surface resistance,
is close to the value derived for the bulk niobium sample. The non-linear losses are

78



4.4. Surface Resistance as a Function of Applied Field

Table 4.9.: Parameters derived for a least squares fit to the interface tunnel exchange model
for the surface resistance of the niobium film sample

Parameter Value Uncertainty
Ap in nm 73.0 1.1
RRQSQ in n{) 50 4
R0 in nQ) 225 3
y 13.4 0.5
Rg,zxoo in n{) 6800 200
bin MV/m 0.84 0.08
E%in MV/m  0.625 0.015
Quintuples

(Rs,B,E,f,T) 183

X2 157.2

mainly caused by interface tunnel exchange, but adding this parameter lowered x>
by about 20 %. The value of b=2aA¢,/efpr corresponds with the decay constant
of the wave function into NbyOs o = (1.6-5.3)nm~! and the relative dielectric
constant of NbyO5 €, = 10-15 [57| to a static field enhancement factor Spg between
60 and 500. Even higher values up to 700 have been reported in literature, when
field emission was investigated [134-136]. For a direct comparison it has to be
noted that field emission is usually caused by localized particles at the surface,
while the field enhancement responsible for the interface tunnel exchange is likely
correlated to sharp grain boundaries. The value of E°=2A¢,/efBrpd has the same
order of magnitude as b. This means that the wave function decays over a range
comparable to the thickness of the oxide layer d.

The comparison of the parameters derived for the losses originating from ITE
with literature values could not be undertaken due to lack of experimental data. In
several publications this model was considered to be responsible for the Q-drop at
high field [67, 69-72], but taking it into account for losses at low field for niobium
films has not been done so far [137].

Figure 4.14 shows about one fourth of the data analyzed, consisting of 183 values
Rs(By, Ey, f,T). The surface resistance is displayed as a function of applied mag-
netic field here. After subtracting all magnetic terms from Eq. (4.22) the electric
surface resistance caused by interface tunnel exchange can be displayed separately,
see Fig.4.15. From this curve one can see that these losses only appear above the
threshold field E°. They are independent of temperature and scale linearly with
frequency, as predicted by the model. Some values of RY for 400 MHz and 4K
are negative but are still consistent with zero, except for only one data point. An
electric surface resistance of 1000 n{2 corresponds to a magnetic surface resistance
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Figure 4.14.: Surface resistance at 400 MHz (2.5 K (blue), 4 K (magenta)) and 800 MHz (2.5 K

(black), 4K (red)) of the niobium film sample. The lines show predictions from a
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of only 18.7nf2 at 400 MHz. Comparison with Fig. 4.14 shows that the majority of
the overall losses at 400 MHz are caused by the magnetic field. The peak electrical
field £, on the Quadrupole Resonator sample surface scales linearly with frequency
for a given peak magnetic field B, as required by the law of induction as applied
to the geometry in between the crooked ending of the rods and the sample. For
a peak magnetic field B,=10mT, the peak electric field is E, =0.52(1.04) MV /m
for 400(800) MHz, respectively, as previously mentioned. That is why, the data at
400 MHz was only measured for electric fields below 2 MV /m, which corresponds
to 35.0 mT. Measurements at higher field level were prevented by thermal runaway.

The residuals are evenly distributed. No apparent trend, that data is system-
atically over- or underestimated for one frequency or a specific area of the surface
resistance can be found in Fig.4.16. The residuals are systematically smaller at
800 MHz than at 400 MHz indicating that the model is better suited to describe the
electric than the magnetic losses, which are only dominant at the higher frequency.
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Figure 4.16.: Relative residuals from the y? minimization to the interface tunnel exchange
model; blue dots (400 MHz), black dots (800 MHz)

4.4.3. Comparison of results with HIE-ISOLDE cavity data

The HIE-ISOLDE 101.28 MHz quarter-wave cavities are currently under develop-
ment at CERN. The design goal is a surface resistance of less than 46 n{2 at a peak
surface magnetic field of 58 mT [138]. Similar to the niobium film sample inves-
tigated above the cavities are built by sputtering a micrometer thin niobium film
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onto a copper substrate. Diode and magnetron sputtering are both investigated
[139].
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Figure 4.17.: Surface resistance of the HIE-Isolde quarter-wave cavity at 3 and 4.5 K [140]. The
uncertainty is about 10 % for each data point. Measurement were performed by
M. Therasse and I. Mondino (CERN).

In January 2012 the prototype cavity was produced by diode sputtering [140]
on the basis of the experience of the Laboratori Nazionali di Legnaro (LNL) [141].
Unfortunately the cavity was performing below requirement for three reasons, see
Fig.4.17. In the low field regime the residual resistance is already at 200 nf).
Above 40 mT Ry is strongly increasing due to field emission. At these field levels
X-rays were detected. In the intermediate field region between 20 and 40 mT Rg
is increasing by 200n(). This can be correlated to losses from interface tunnel
exchange, because the surface resistance starts to increase only above a threshold
field, saturates at higher field and the slope is independent on temperature. For
this cavity the magnetic and the electric geometry factor are almost equal. While
the former is G=30.34Q) [138], the latter is G¥=29.16 Q) [142]. So if one assumes
G =~ GF the electric and magnetic surface resistance can be displayed in one graph
and the error caused by this assumption is only about 4%. The ratio between
peak electric and magnetic field is E,/B,=0.56 (MV/m)/mT |[138]. The lines in
Fig.4.17 show predictions from least squares fits to

Rg = Ryes + Rfoom [efb/EP — e VB E, > E°. (4.25)

The electric surface resistance at saturation RY,, is again normalized to 400 MHz
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for direct comparision with the Quadrupole Resonator results. Data for fields
below 5mT was excluded for the fit, since Eq. (4.13) cannot describe the curve in
this area, where the measurement is not completely understood. Data for fields
above 40mT was also excluded, because the increasing surface resistance in this
area is caused by field emission and not by interface tunnel exchange.

The fit parameters obtained, Tab. 4.10, can be directly compared with the pa-
rameters found for the samples tested with the Quadrupole Resonator, Tab. 4.4
and 4.9. The onset field E° is higher for the HIE-ISOLDE cavity compared to the
niobium film sample, indicating a lower field enhancement factor. The electric sur-
face resistance at saturation RYy, is approx. half the value compared to the results
on the niobium film sample. This can be correlated to a weaker oxidation of the
HIE-ISOLDE cavity and therefore less available localized states for the interface
tunnel exchange process. The parameter b is again fitted with a value comparable
to E°, confirming that the wave function decays over a range comparable to the
thickness of the oxide layer at the interface between the grains. The value of b
is significantly higher at 4.5 K. At this temperature the BCS surface resistance is
higher and non-linear magnetic losses are more relevant than at 3 K.

These HIE-Isolde cavity measurements confirm the conclusion from the Qua-
drupole Resonator results; ITE can significantly increase the surface resistance
of superconducting cavities at relative low fields, especially for oxidized granular
surfaces.

To reach the design requirements for the HIE-ISOLDE accelerator the losses
in all three field areas have to be reduced. In the intermediate field region, the
identification of ITE to be responsible for the dissipation can be exploited for the
optimization of the sputtering and handling processes of future prototype cavities.

Table 4.10.: Fit parameters interface tunnel exchange model to HIE-ISOLDE cavity data
TinK | RpesinnQ RE innQ E°in MV/m bin MV/m  R?
3 19343 26004900 5.440.2 3.5+1.6 0.9985
4.5 18844 1640480 5.0+0.4 943 0.9973

4.4.4. Summary and Conclusions

The field dependent surface resistance of a bulk niobium and a sputter coated
niobium film sample on copper substrate has been investigated. First datasets of
about 15 values of Rg(B,) for fixed temperature and frequency have been analyzed.
Several models have been tested on the data. It was shown that the non-linear
surface resistance of the niobium film sample and the bulk niobium sample in dirty
condition is mainly caused by the RF electric field via interface tunnel exchange
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(ITE) between the superconductor and localized states in adjacent oxides. The
field dependent surface resistance of the bulk niobium sample in clean condition
is caused by the RF magnetic field and factorizes into a temperature and a field
dependent part. These findings rule out several theoretical models. The non-
linear surface is not caused by pairbreaking in the current carrying state, thermal
feedback or localized heating at hot spots. A simple method to analyze surface
resistance data of superconducting cavities is found. Simply from the shape of the
measured curve Rg vs. B, or E, one can clearly distinguish between losses caused
by the electric field acting through interface tunnel exchange and losses caused by
the magnetic field. A concave curve indicates a magnetic and a convex curve an
electric surface resistance.

Fitting data with fixed temperature and frequency to the theoretical models
gave high uncertainties for the derived fit parameters. The models examined had
up to four free parameters. In order to find out if the data can be explained
with physically reasonable fit parameter values, large datasets of about 200 values
Rs(Byp, f,T) have been analyzed by least squares fits to the collective data. For
the niobium film sample ITE was confirmed to be the dominant loss mechanism.
In particular the electrical losses were found to be independent of temperature and
to scale linearly with frequency. The electrical surface resistance is zero below a
threshold field and saturates when all localized states participate in the exchange,
as predicted by the ITE model. The data of the bulk niobium sample could be
explained with the percolation model and a quadratic factorization of the BCS
surface resistance. Both models assume the factorization of the magnetic non-
linear surface resistance in a field and a temperature dependent part, as was found
from the analysis of the single curves.

The result that ITE is a loss mechanism which can significantly increase the
surface resistance, especially of superconducting niobium thin film cavities, could
be further confirmed by recent measurements of the surface resistance of a HIE-
ISOLDE quarter-wave cavity.

The combination of a quadratic factorization of the BCS surface resistance and
additive losses from ITE give a complete picture of the non-linear surface resis-
tance, at least for the samples investigated here and for fields below exponential
increase (Q-drop). Experimentally these losses can be distinguished between by
measuring at a relative high and low temperature 7', since I'TE losses only slightly
depend on T
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4.5. Maximum RF Field

The Quadrupole Resonator has been designed for measuring the surface resistance
of the attached samples. In the framework of this thesis further measurement
capabilities have been investigated. It was found that the device is also suited to
probe the maximum RF field Bpaxrr of the samples. When a quench occurs a
sudden drop of the transmitted power by several orders of magnitude is detected.
One can easily determine, without further diagnostics, if it happened on the host
cavity or on the sample by measuring the sample temperature in the moment the
quench occurs. If the temperature rises above the critical temperature 7, it was
on the sample, otherwise it must have been on the host cavity.

The critical field under RF exposure has been investigated using pulses just
long enough that the stored energy in the cavity reaches steady state (pulse length
~ 2ms) and also in continuous wave (CW) operation. Different field levels and
dependencies on frequency have been found for each case. For analyzing the CW
measurements it is assumed that By,.x rr has the same dependence on temperature
as the critical thermodynamic field B, and can therefore be written as

B (T) = Busar (0) (1 - (%)) . (4.26)

In order to measure the critical field in continuous wave (CW), first the magnetic
field on the sample surface B, is set to a fixed level. Then the sample temperature
is slowly raised until the quench occurs. Usually a sudden temperature rise above
T, is observed the moment the quench occurs. If measured in CW the quench
field is dependent on frequency and surface properties. In early tests the dirty
bulk niobium sample quenched at relatively low field levels due to a local defect.
A second etching (BCP 100 um) yielded higher field levels for the clean sample,
see Fig.4.18. The fact that B, vs. T? gives a straight line is an indication that
an intrinsic superconducting field limitation is found for all curves. This can be
explained by a local defect heating its surrounding area. When the temperature
in the vicinity of the defect exceeds the field dependent critical temperature the
quench occurs.

Fitting a straight line to the data displayed in Fig.4.18 allows to derive 7. and
Bumaxrr(0). The intersection of each line with the x-axis gives T and the slope
Bumaxrr(0)/T2. The parameter values found for all curves are listed in Tab. 4.11.
The quench field in CW is about twice as high at the lower frequency. This can-
not be explained with the model for thermal breakdown introduced in Sec.2.4.5,
which assumes that quenching is completely a thermal effect caused by a normal
conducting defect of surface resistance Ry heating the surrounding superconduct-
ing material. According to this model the quench occurs when the defect and the
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Figure 4.18.: Quench field Bpaxrr of the bulk niobium sample in clean and dirty condition,
measured in CW.

surrounding superconducting area reach a temperature above 7. For a defect with
normal skin effect this implies that the quench field scales with f=%2°. The pre-
diction for the measurements presented here is that the quench field at 400 MHz
is only 1.3 times higher than at 1200 MHz. This is clearly in contradiction to the
measurement results. It can also be excluded that the quench is a complete mag-
netic effect. In this case the same maximum field would be reached independent
of frequency and duty cycle.

At 400 MHz By rr(0) is above the critical thermodynamic field B, of 199 mT
[131, 132] for the clean sample. If short pulses are used an even higher value is
found. A lower critical temperature compared to the value derived from the low
field surface resistance and the penetration depth measurements was obtained.
This is due to the fact that the position of highest field value is located about
1.5 mm closer to the heater than the position of the temperature sensors. For the
following comparison of the maximum RF field with the models, introduced in
Sec. 2.4, the value of 9.11 K derived from the pulsed measurement will be used.

Figure4.19 shows the measured maximum RF magnetic field B, normalized
to the thermodynamic critical field B, as a function of temperature. Here one
can clearly see that B, systematically exceeds B.. Critical RF fields above B,
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Figure 4.19.: Critical field under RF (short pulses) of the clean bulk niobium sample.

have also been measured in several other publications [91, 143, 144]. The re-
sults are explained by a superheating field By, either derived from considering a
metastable state preventing flux entry by a surface barrier [87, 83| or by a ther-
modynamic energy balance [41, 94, 95]. Figure4.19 shows the predictions from
the vortex line nucleation model (VLNM) [95] and the approximate formulas from
|88] based on Ginsburg-Landau theory and therefore in the following named the
Ginsburg-Landau model (GLM). Both models relate the superheating field to the
Ginsburg-Landau parameter x and the critical thermodynamic field B,.. The latter

Table 4.11.: Critical RF field of the bulk niobium sample

Measurement  Sample f Brax,rr(0) T,
technique condition in MHz in mT in K
CW dirty 400 102+£8 9.14+0.14
CW dirty 1200 9243 8.92+0.14
CW clean 400 216+29 8.91+0.09
CW clean 1200 101+£13 9.1620.12
Pulsed clean 400 243415  9.1140.06
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Figure 4.20.: Critical field under RF (short pulses) of the niobium film sample.

parameter was taken from literature, while x has been calculated from the pene-
tration depth measurements, see Sec.4.2. The error bands are directly correlated
to the uncertainties of k. For low values of x (long mean free path) the Ginsburg-
Landau model predicts By, higher than the VLNM. This is the case for the clean
bulk niobium sample, for which Bp,ax rr Was measured with values consistent with
the Ginsburg-Landau model, see Fig. 4.19.

For high values of x (low mean free path) the Ginsburg-Landau model pre-
dicts By, higher than the VLNM. High values of x correspond to the niobium film
sample, see Fig. 4.20. For this sample the critical temperature 7,=9.28 £0.03 was
found to be consistent with the low field surface resistance measurements. The
niobium film is sputtered onto a copper substrate with higher thermal conductiv-
ity. That is why the sample temperature is more homogeneous than for the bulk
niobium sample. The maximum RF field for this sample does not exceed B.. The
values are consistent with the VLNM. For all three frequencies the same value of
Bmaxrr is found if sufficiently short pulses are used. This shows that the intrinsic
critical RF field can be measured with the Quadrupole Resonator.

Conclusions The critical RF field was investigated in CW and pulsed operation.
In CW the breakdown field can be explained by an interplay of magnetic and
thermal effects supporting the results from Eeremeev et al. [99]. From measure-
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ments in pulsed operation the intrinsic critical field could be revealed, because for
all three frequencies the same maximum field was found. The results have been
compared with predictions from two models, which have been successful in ex-
plaining experimental results in previous publications. For material of high purity
the Ginsburg-Landau model gives the lower limitation, while for low purity it is set
by the vortex-line nucleation model. The former case applies for the bulk niobium
and the latter for the niobium film sample. For both samples the lower limitation
is met. Therefore, it is possible that both mechanisms set limits to the maximum
field under RF in superconducting cavities.

It can however not be excluded that the limitation set by the VLNM can be
overcome for cleaner surfaces. It has been stated that for very high values x this
model predicts unrealistic low values for the superheating field [90]. Investigations
of the maximum RF field of bulk niobium cavities have been performed by several
authors. Measurements on niobium films prepared for superconducting cavities
have not been done previously, because usually they are not considered for ap-
plications relying on high accelerating gradient. The values for Bparr found
here are consistent with what one would expect for a bulk niobium cavity with the
same RRR value. The conclusion is that cavities coated with films of higher purity
should therefore be able to reach accelerating gradients as high as bulk niobium
cavities.

4.6. Summary

The surface resistance and the critical RF field were measured using the Quadrupole
Resonator. Tested were bulk niobium and niobium thin film on copper substrate
samples. For differently prepared samples different loss mechanisms and limita-
tions were observed.

The field dependent surface resistance of clean bulk niobium surfaces was found
to be caused by the RF magnetic field. A factorization in a field and temperature
dependent part was measured. The critical RF magnetic field B rr was found to
exceed the critical thermodynamic field B, and could be explained by a theoretical
superheating field.

For a strongly oxidized niobium film sample B rr was found to be lower than
B.. A thermodynamic energy balance argument yields theoretical values agreeing
with the measurement results. For this sample the majority of the non-linear
losses are not caused by surface magnetic field, but by the surface electric field.
An explanation of these results could be given by a novel interpretation of the
interface tunnel exchange model.
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5. Surface Characterization

In the previous chapter the surface resistance and critical RF field of supercon-
ducting niobium was investigated. Significantly different results were obtained for
bulk and thin film samples. In particular, the major contribution to the non-linear
losses originated from the RF magnetic field for the bulk niobium and from the
RF electric field for the niobium film sample. Even though made from the same
material, different manufacturing techniques can yield different surface properties.
In this chapter a comparison of grain size, roughness, elasticity and elemental com-
position is presented. A correlation of these surface properties to the RF results
is then made.

5.1. Sample Preparation for Surface Analysis

The Quadrupole Resonator enables to expose samples of 75 mm diameter to an
RF field. These flat disks are electron beam welded to cylinders of 110 mm height.
For mounting to the host cavity the sample cylinders are vacuum brazed to stain-
less steel flanges of 152mm diameter. For the surface analytic measurements
presented in this chapter the dissection of the samples was necessary. First, the
flat sample disks were cut from the sample cylinders. This enabled to examine
them using an optical microscope and by a profilometer based on white light in-
terferometry. For further investigations by scanning electron microscopy (SEM),
atomic force microscopy (AFM), ultrasonic force microscopy (UFM) and X-ray
photon spectroscopy (XPS) the samples needed to be cut in even smaller pieces of
approximately 1cm?2.

5.2. Imaging

After RF testing and dissection, the samples have first been analyzed by an optical
microscope (VEHO VMS-004 deluxe) [145]. Differences in the surface structure of
the two samples can be seen in the obtained images. On the left side of Fig.5.1
one can clearly see the grains on the bulk niobium sample. In principle they can
already be recognized without any magnification, since their size is about 1 mm?.
The niobium film sample is found to comprise substructures and holes of several
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Figure 5.1.: Micrographs of the surface of the bulk niobium (left) and the niobium film (middle)
sample obtained with a light microscope. Right: SEM image of the niobium film
sample surface. The SEM micrograph has been taken by Ignacio Aviles Santillana
(CERN).

tens of micrometers on the film, see Fig. 5.1 (middle). Its grain size is far too small
to be measured with an optical microscope. A few tens to hundreds of nanometers
are typical for micrometer thin sputter deposited niobium films [146]. In order to
resolve the grain structure of this sample a Sigma Zeiss scanning electron micro-
scope [147], available at CERN, was used. SEM images a sample by scanning it
with an electron beam in a raster scan pattern. To avoid interaction with other
atoms the system is operated under vacuum. There are several techniques and
corresponding detectors to analyze the interaction between the electron beam and
the sample. The one applied collects low-energy (<50 eV) secondary electrons,
ejected from the outer orbitals of the sample atoms originating from inelastic scat-
tering with the beam electrons. Figure 5.1 (right) depicts an SEM image of the
niobium film sample. Its resolution is 2nm, high enough to visualize the grains.
They have a size of several tens of nanometers and an elongated shape.

5.3. Profilometry

A comparison of the surface profile and roughness of the bulk niobium and the
niobium film sample for different scales of observation is the subject of this section.
Whether these surface conditions are linked to the RF properties of superconduct-
ing cavities is an open issue. Widely discussed and cited in this sense is a model
giving an explanation for the Q-Drop by quenching of grain edges [148|.

Most of the analytic tools enabling to probe the surface profile and the roughness
are designed to cope with sample sizes of a few millimeters. The diameter of
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Figure 5.2.: Surface profile of the niobium film sample obtained from white light interferometry.
The lateral resolution of the image is 500 nm and the surface area displayed 312
X 234 pm.

the Quadrupole Resonator samples is 75 mm, hence too large for most of these
systems. An exception is white light interferometry, a technique allowing contact-
less profile and surface roughness measurements of relatively large samples. Its
operation principle is based on interferometry of light reflected from the sample
under investigation. A detailed description of the technique can be found in [149].

A Wyko NT 1100 white light interferometer [150], available at the University
of Lancaster, was used to probe the samples. The obtained profiles are depicted
in Fig. 5.2 for the niobium film and in Fig. 5.3 for the bulk niobium sample. Note
the different vertical scales used. The substructures of the niobium film sample,
which could already be seen under the light microscope, have step heights of up
to 2 um and can be identified to originate from the substrate structure, since the
film thickness is only about 1 um.

The bulk niobium sample surface was found to be rougher. Typical values for
the average and root mean squared (rms) roughness R,(R,) are 200(300) nm for
the niobium film and 900(1100) nm for the bulk niobium sample over an area of
312 x 234 um. The roughness of the niobium film sample can be correlated to
the substrate roughness, since similar values of R, and R, were found in [151]
for chemical polished OFHC copper samples measured with the same white light
interferometer. For the bulk niobium sample the measured roughness is typical
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5. Surface Characterization

Figure 5.3.: Surface profile of the bulk niobium sample obtained from white light interferometry.
The lateral resolution of the image is 500 nm and the surface area displayed 312
X 234 yum.
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Figure 5.4.: Surface profile of the bulk niobium sample in the vicinity of a boundary between
three grains obtained from white light interferometry. The lateral resolution of the
image is 500 nm and the surface area displayed 312 x 234 um.
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for surfaces prepared by BCP, compare [113]. In the vicinity of grain bound-
aries the sample roughness is even higher. At an interface between three grains
R,(R,)=3130(4100) um was measured. Figure 5.4 shows an image of this surface
area.

The lateral resolution of the white light interferometer was 500 nm. Roughness
in this scale of observation can be excluded to have a major impact on the surface
resistance of the samples being investigated here, since the smoother niobium film
sample has a larger residual resistance and also a higher medium field Q-slope. A
similar conclusion has been made for the Q-Drop of bulk niobium cavities in [152].
In this study thermometry was used to identify hot and cold spots on single cell
cavities. The different samples did not show any difference in roughness, when
being investigated by white light interferometry.

However, the length scales describing the RF properties of a superconduc-
tor exposed to an RF field (penetration depth A, coherence length ¢ and mean
free path [) are in the order of several tens of nanometers. It is intuitive that
the roughness might very well depend on the resolution of the applied method
and the surface area being investigated. For example the niobium film sample
with its small grain size might only appear smoother than the bulk niobium
sample as long as the applied method is unable to resolve its grain structure.
Therefore imaging and profiling with a higher a resolution method is impor-
tant to correlate the RF and surface properties of the samples to each other.

Atomic force microscopy (AFM) [154],
also called scanning force microscopy Quadrapt
(SFM) is a very high-resolution type of  Laser Photodiode
scanning probe microscopy. It enables

imaging and profiling with a resolution Tip Cantilever

. Sample

in the nanometer or sub-nanometer scale, ¥
more than 1000 times better than the op- s | |Feedback
tical diffraction limit. The setup of an Scanner | Circuit

AFM is sketched in Fig.5.5. Its probe is
a sharp tip with a radius of curvature of
a few nanometers placed on a cantilever. Figure 5.5.: AFM setup following [153].
Bringing the tip into proximity of a sample

surface, the forces between tip and sample

yield a deflection of the cantilever. Typically, the deflection is measured by a laser
spot reflected from the top surface of the cantilever onto a quadrant photodiode,
decoupling normal and lateral forces.

Here the contact mode was applied, where the cantilever deflection is kept con-
stant by altering the sample position. Two different AFMs, available at Lancaster
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Figure 5.6.: Surface profile of the niobium film (left) and the bulk niobium sample (right)
obtained from AFM. The lateral resolution of the pictures is 33 nm.
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Figure 5.7.: Surface profile of the niobium film (left) and the bulk niobium sample (right)
obtained from AFM. The lateral resolution of the pictures is 4 nm. Measurements
were done in cooperation with Ilya Grishin (University of Lancaster).

University, were used. The Topometrix TMX 2000 [155] is suited for an obser-
vation scale of 10x10 um. Tts lateral resolution is 33 nm comparable to the grain
size of the niobium film sample. Figure 5.6 shows AFM-images of the niobium
film (left) and the bulk niobium sample (right) obtained with this device. For
this scale of observation the average and rms roughness R,(R,) are 91(107) nm for
the bulk niobium sample and 6.9(14.5) nm for the niobium film sample. There-
fore, roughness observed at a 10 times higher resolution compared to the white
light interferometry can also be excluded as the major source of non-linear surface
resistance and residual losses.

The second AFM system used was a Digital Instruments Multimode [156] capa-
ble of even higher resolution. Figure 5.7 depicts AFM-images for a ten times
smaller scale (1x1um) and a ten times higher resolution (4nm) compared to
Fig.5.6. The roughness of the bulk niobium and the niobium film sample are of
the same order of magnitude for this scale of observation. For the former six differ-
ent areas were scanned and R,(R,)=6.7£2.3(8.1£2.5) nm was measured, while for
the niobium film sample nine different areas were scanned and R,(R,)=3.6+0.5
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(4.7£0.6) nm was derived. The surface structure of the two samples appears quite
different in these images. Like SEM, Fig. 5.7 (left), reveals the grain structure of
the niobium film sample. For the bulk niobium sample the surface appears to be
smoother, due to the larger grain size. Its surface is curved on a larger scale, which
can be correlated to the surface preparation by BCP. This etching procedure is
unable to even out such features [113].

5.4. Elasticity

In Sec. 4.4 it has been shown that the non-linear surface resistance of the niobium
film sample could only be described by the interface tunnel exchange model. This
model was not applicable to the data of the bulk niobium sample. Losses from
interface tunnel exchange are caused by oxides localized on the surface at distinct
positions, for niobium films preferably along grain boundaries. The Young modulus
of NbyO5 was measured to be 125 GPa [157]. This is significantly higher than the
value of niobium, 105 GPa [158]. Therefore, mapping the elasticity of the two
samples is interesting in order to find out whether there are differences in the
oxygen distribution on the surface.

A method capable of this task is ultrasonic force microscopy (UFM) [159]. A
UFM is built from an atomic force microscope by mounting the sample to a piezo-
electric transducer [160]. By applying an alternating voltage to the transducer
the sample is vertically vibrated at a frequency above the cantilever’s primary
resonance, increasing its effective spring constant due to inertia. The cantilever
cannot follow the oscillation. This yields a constant feedback error signal, as long
as tip and sample are in contact. Modulating the oscillation in amplitude allows
to derive the threshold where contact is lost, from a change in the feedback error
signal. In practice this signal is transmitted to a lock-in amplifier as input, while
the amplitude modulation frequency is used as the reference. The lock-in amplifier
only gives a signal if the contact between sample and cantilever is lost. For a stiffer
or less adhesive sample the threshold amplitude is lower and therefore the lock-in
amplifier output larger. The convention for UFM images is to use a brighter color
for a higher lock-in amplifier output corresponding to a stiffer or less adhesive
sample [153].

Built upon an AFM, UFM also provides information about the topography and
the lateral force. While the former gives an AFM image, the latter is used to
distinguish between elastic and adhesive forces. In general the elastic forces are
dominant [160] and for the forces applied in the nN-range, plastic deformation was
never observed, at least in the AFM resolution limit [153].

Figure 5.8 displays UFM images of the same sample areas as depicted for AFM
in Figh.7. The AFM images, where taken simultaneously, exploiting the fact, that
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Figure 5.8.: UFM images of the niobium film (left) and the bulk niobium sample (right). A
dark (light) color indicate areas of low (high) stiffness. The lateral resolution of
the pictures is 4nm and the surface area displayed is 1x1 um for each sample. The
same surface areas as in Fig. 5.7 are displayed here. Measurements were done in
cooperation with Ilya Grishin (University of Lancaster).

UFM also gives the topographical information. The lateral forces were found to be
homogeneously distributed on both samples. Therefore the contrast is not caused
by adhesive forces and is unlikely due to topographical artifacts. This allows for the
interpretation that the images display the Young modulus as a function of position
on the sample surface, where a larger Young modulus (stiffer material) corresponds
to a brighter color. The values obtained must be interpreted relatively with respect
to each other. The test setup used does not enable to give a quantitative value of
the Young modulus.

The structure of the bulk niobium sample appears more uniform compared to the
niobium film. The softer (darker) regions of the latter can be correlated to single
niobium grains. Their size is consistent with the AFM and SEM pictures. Around
the grains are stiffer (brighter) areas caused by oxidation preferably located along
the grain boundaries. This explains why losses from interface tunnel exchange are
the dominant mechanism of this sample and why these are negligible for the bulk
niobium sample.

If the hypothesis that the contrast is caused by oxidation is correct, the material
appears uniform, if not the surface but a layer deeper in the film, protected from
oxidation is investigated. Therefore, argon ion beam cross-section polishing [161]
was used to remove material from the sample, creating a cross section tilted about
10 degrees with respect to the sample surface, see Fig. 5.9. On the left side of this
figure an UFM image of the oxidized sample surface right next to the section is
displayed. About 300 nm (middle) from the sample surface the structure appears
more uniform and even more so at the interface between the niobium film and the
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Figure 5.9.: UFM images of a cross section of the niobium film sample. Measurements were
done by Ilya Grishin (University of Lancaster).

copper substrate (right), which can be clearly seen in the image.

5.5. Elemental Composition

It is well known that niobium is a reactive material [162]. When exposed to normal
air, which is unavoidable during preparation, it immediately oxidizes, forming an
oxide layer of 1 nm thickness within a few minutes. The thickness of this layer sat-
urates at approximately 6 nm for longer oxidation time. These dielectric oxides are
coated with a sorption layer of 0.5-3 nm containing oxygen and carbon. Impurities
originating from the manufacturing process or the chemical treatment might also
be found, for example, hydrocarbons from cleaning with alcohol [163, 164|. The
effect of the different layers and residues, on the RF properties, especially on the
surface resistance, is not well known. A comparison of the elemental composition
of the first few nanometers could give further insight in the differences between
cavities produced from bulk niobium and niobium films.

The bulk niobium sample investigated here was built from a niobium sheet.
Forming the sheet involves several fabrications steps like cutting, grinding and
rolling. One major difference in the production process was that the bulk nio-
bium sample was buffered chemically polished, before the final rinsing, while no
treatment was performed on the niobium film sample between deposition and final
cleaning.

A tool enabling to provide information about the elemental composition for all
elements except for H and He is X-ray Photoelectron Spectroscopy (XPS). It uses
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Figure 5.10.: XPS spectra of the bulk niobium and the niobium film sample. Measurements
were done by Paul Unsworth (University of Liverpool).

an X-ray beam of usually 1-2keV to irradiate the sample under investigation. The
electrons knocked off from the sample have a kinetic energy

Ukin = hv — Ub, (51)

where hv is the incident photon energy and Uy, the binding energy of the knocked-
off electron. The photon energy is determined by the XPS system, while the
values of U, can be taken from literature. For the analyses here the U}, values were
taken from the NIST database [165] to derive the elemental composition from the
measured spectra.

Figure 5.10 shows XPS spectra for the niobium film and the bulk niobium sam-
ple. They were measured with a system at the University of Liverpool, using
an Al K-a X-Ray source with a photon energy hvy=1486.6eV [166]. This corre-
sponds to an information depth of approximately 7 nm, covering the oxide and the
oxide/metal interface.

The major difference in the two spectra is a larger oxygen to carbon ratio found
for the niobium film sample. This result is expected. The niobium film sample
was kept under normal air for 11 years, while the bulk niobium sample was only
exposed to normal air for a few hours after etching, for rinsing and mounting
to the Quadrupole Resonator. Carbon hydrides quickly form a monolayer on a
niobium surface but do not react with the niobium metal unlike oxygen [162]. The
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Figure 5.11.: High resolution XPS spectra of the bulk niobium and the niobium film sample.
Measurements were done by Paul Unsworth (university of Liverpool).

ratio between oxygen and carbon can therefore be used to compare the grade of
oxidation of the two samples.

There is no element only found for the niobium film sample, which could explain
the weaker RF properties of this technology. However it must be stated that XPS,
with its resolution of approximately 0.1-1 atomic percent is not sensitive enough to
detect impurities. Both samples show a sodium peak and small silicon peaks for
lowest binding energies. These originate from holders to which the samples were
mounted for the measurement.

For the investigation of the niobium oxide structure a spectrum with a higher
resolution (about 5 measurements per eV) was obtained, see Fig.5.11. The ratio
between the niobium oxides and the metal is larger for the niobium film, confirming
the stronger oxidation of this sample.

5.6. Summary

White light interferometry and atomic force microscopy showed that the niobium
film sample with the weaker RF properties has a smoother surface than the bulk
niobium sample. This allows the exclusion of roughness as the cause for the residual
and the non-linear surface resistance. The spatial distribution of the elasticity
was probed with ultrasonic force microscopy. The elasticity of the bulk niobium
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sample is more uniform than it is for the niobium film sample. Stiffer areas on
the latter have been identified to be oxides along grain boundaries, which are
responsible for RF losses caused by interface tunnel exchange (ITE). The uniform
oxide distribution on the bulk niobium sample explains why ITE losses were not
measured for this sample. The elemental composition was examined by X-ray
photon spectroscopy. The major difference observed was a higher oxygen to carbon
ratio on the niobium film sample, indicating stronger oxidation. A high NbyOs
concentration was found for both samples, while the ratio between NbyO5 and
niobium metal was larger for the niobium film sample. The presence of NbyOs
supports the interpretation of the ultrasonic force microscopy measurements and
their correlation to the RF results from Sec.4.4: The stronger Q-slope of sputter
deposited niobium film - in comparison to bulk niobium cavities is correlated to
the smaller grain size and higher NbyO5; content. This surface structure causes
additional RF losses from interface tunnel exchange between the superconducting
material and NbyO5 formed along grain boundaries.
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Refurbishment and extension of the Quadrupole Resonator In 1997 the
Quadrupole Resonator was designed to measure the surface resistance of sputter
coated niobium film samples at 400 MHz, the technology and RF frequency chosen
for the Large Hadron Collider at CERN. For the studies presented in this thesis it
has been refurbished and its measurement capabilities have been extended to 800
and 1200 MHz. It has been demonstrated that the device is also suited to probe the
intrinsic critical RF magnetic field. The calorimetric results were compared with
independent 3dB bandwidth measurements for a sample in normal conducting
state. The excellent agreement of the results verifies the calorimetric approach and
therefore also gives confidence in the measurements at lower temperatures. For the
next test, which marks the starting point of a new PhD project, the Quadrupole
Resonator has been equipped with a coil placed inside the thermometry chamber.
This allows to measure the frequency dependence of losses caused by trapped
flux and to reveal the underlying loss mechanism. This new setup will first be
tested on a bulk niobium sample. Afterwards the Quadrupole Resonator shall be
used to investigate materials other than niobium, which could potentially have a
lower surface resistance and/or a higher critical RF field, such as Nb3Sn, MgB, or
multilayers of super and normal conducting materials.

Non-linear surface resistance There are several models explaining how the sur-
face resistance depends on the applied RF field strength. In this work these have
been reviewed and arguments were presented whether or not they can account
for differences observed between bulk niobium and niobium film cavities. Sam-
ples of these materials have been investigated with the Quadrupole Resonator and
the results have been compared with predictions from the models. It was shown
that the RF electric field dominates the losses for strongly oxidized niobium films,
via interface tunnel exchange (ITE) of electrons between the superconductor and
localized states in adjacent oxides. After subtraction of losses caused by the RF
magnetic field, it was shown that the measured electric surface resistance is almost
independent of temperature and scales linearly with frequency. It vanishes below a
threshold field and saturates at higher fields at which all localized states participate
in the exchange. All these observations are predicted by the ITE model.
Identifying ITE to be responsible for RF losses in the low and intermediate field
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6. Summary and Outlook

region allows optimizing the development of superconducting cavities. The surface
resistance can be significantly lowered if extended periods of oxidation are avoided.
ITE is caused by crack corrosion along grain boundaries and is therefore more pro-
nounced for sputter coated niobium films, which have in general smaller grain size
and higher oxygen content compared to bulk niobium cavities. There are two ways
to minimize these losses. One could either reduce oxidation or produce coating
resistant to crack corrosion along grain boundaries. The latter could be achieved
by High Impulse Magnetron Sputtering (HIPIMS) [167]. The investigation of HIP-
IMS samples was planned to be performed with the Quadrupole Resonator in the
framework of this thesis [168]. The bulk niobium sample used in this study was
coated after one RF test. Unfortunately the film peeled off during rinsing with
ultrapure water. It was shown that the films have these adhesion problems only
when deposited on a niobium, but not onto a copper substrate. Therefore, future
tests of HIPIMS samples with the Quadrupole Resonator will rely on copper sub-
strate samples, which are currently prepared. The investigations of the HIPIMS
coating technique are performed at CERN with the aim of exploitation for the
SPL study and for LHC spare cavities. Avoiding oxidation in elliptical cavities
is rather simple. If produced from thin films they can be put in a nitrogen at-
mosphere after deposition. For bulk niobium this should be done after chemical
etching. For rinsing the cavities obviously need to be exposed to normal air, but
the time should be kept as short as possible to avoid crack corrosion. For quarter
wave resonators such as HIE-Isolde it is not as simple to avoid oxidation as for
elliptical cavities, and additional precautions are advisable. Recent measurements
on one of these prototype cavities showed large losses from ITE, confirming the
Quadrupole Resonator measurements.

The ITE loss mechanism is negligible for well-prepared bulk niobium surfaces,
even if they are coated by a natural grown oxide layer. This surface layer of several
nanometers is only responsible for rather small residual losses. For well-prepared
bulk niobium surfaces it has been shown that the RF losses are caused by the
magnetic field and factorize into field and temperature dependent parts. This fac-
torization rules out several models for the field dependent surface resistance. In
particular it cannot be explained by pair-breaking in the current carrying state,
global thermal feedback or localized heating at hot spots. The origin of the mag-
netic non-linear surface resistance is still not completely understood. Additional
experiments, especially at very low temperatures, on samples or cavities with low
residual resistance need to be carried out to make further conclusions.

Critical RF magnetic field The critical RF magnetic field has been measured
in continuous wave (CW) operation and with short pulses. When measured in
CW, the field levels and frequency dependency found was explained by a local
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defect causing the quench, when the adjacent superconducting material exceeds the
temperature dependent critical RF magnetic field. Measured in pulsed operation
the intrinsic critical RF magnetic field was revealed. It was confirmed to be larger
than the critical thermodynamic field for the bulk niobium sample and consistent
with predictions for a superheating field derived from Ginsburg-Landau theory.
For the niobium film sample the maximum field is lower and can be explained
by a thermodynamic energy balance, vortex line nucleation model. Its value is
consistent with what one would expect for a bulk niobium sample of the same
purity. It was shown that for low purity material the vortex line nucleation model
predicts a lower critical RF field than the Ginsburg-Landau model, while for a
surface of high purity the latter model sets the lower limitation. For the surfaces
investigated here it was found that the samples were always limited by the lower
barrier. Therefore both mechanisms can set limitations to the maximum attainable
RF magnetic field.

Surface Properties The study was accompanied by measurements of the surface
properties of the samples by various techniques. The major difference between the
bulk niobium and the niobium film sample was a less uniform elasticity of the
latter. This was correlated to crack corrosion along grain boundaries on the nio-
bium film sample, which is the origin of losses due to interface tunnel exchange.
It explains why these losses were only measured for the stronger oxidized nio-
bium film with the smaller grain size. X-ray photoelectron spectroscopy (XPS)
measurements confirmed the presence of NbyO5 responsible for these losses. An
interesting future study could be to perform XPS and UFM measurements on
samples of different grain size. One should start with unoxidized samples and then
measure how oxidation changes the uniformity of the elasticity. This would allow
confirming that crack corrosion is favored along grain boundaries and causes ITE
losses. If confirmed, UFM could be used as a standard tool in the development of
thin film cavities. The coating procedures could be optimized towards producing
films resistant to crack corrosion.
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Suggestions for future investigations
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Measuring the temperature dependence of the onset field Ej in the ITE model
to confirm its role for the nonlinear surface resistance. For temperatures close
to the critical temperature, Ey should decrease, since the superconducting
energy gap decreases with temperature. The Quadrupole Resonator is the
ideal instrument for these tests, due to its wide temperature range and the
frequency dependent ratio between electric and magnetic surface fields.

Study of HIPIMS coatings. This technique could potentially give coatings
resistant to crack corrosion and yield surfaces with negligible ITE losses.
This might be the key towards producing thin film cavities with equal RF
properties as bulk niobium.

Consider the systematic use of XPS and UFM in the development of fu-
ture coatings. With these two methods combined one can identify coatings
resistant to crack corrosion.

Comparison of Type I and IT superconductors. The origin of the magnetic
non-linear surface resistance requires further experimental and theoretical
studies to be fully understood. A systematic study on type I and type II
superconductors can help to reveal loss mechanisms, which might only be
relevant in the Shubnikov phase. Testing a sample made of lead with the
Quadrupole Resonator is therefore suggested.

Determining additional surface treatments. For example, in cavity tests it
is suggested to measure the surface resistance always at lowest and highest
available temperature. This allows for convenient separation of the electric
and magnetic losses. Possible additional surface treatments can be performed
accordingly.



A. Thermal Conductivity
Measurements

In addition to the RF parameters, surface impedance and critical RF field, the
thermal conductivity k& of the attached sample can be directly measured with
the Quadrupole Resonator. For this purpose the thermometry chamber allows to
place up to eight temperature sensors at different distances from the DC heater
(resistor). Four sensors are placed directly under the sample disk. They are
circularly arranged around the heater and displaced by 90° with respect to each
other. Two of them can be seen in the cross-sectional view, Fig. A.1 (left). When
a current is applied to the heater, these four sensors should all measure the same
temperature if the thermal conductivity of the sample is uniform. Up to four
additional sensors can be placed in pistons and pressed against the inner wall of
the sample cylinder. Thermal contact is established using Apiezon® N grease. In
order to derive k(T") the power applied to the heater on the back side of the sample
is changed, while the temperature at the different positions is measured.

This technique is only able to derive k for the bulk material. For the niobium
film sample the measurement would only give k for the substrate, but not for the
thin film. Furthermore, the sample cylinder must be made of the same material
as the sample disk or the value of £ must be known for the sample cylinder. In
case of the bulk niobium sample, cylinder and disk are made of niobium from the
same batch, making this measurement technique applicable.

Figure A.1 (right) displays k for this sample as a function of temperature. The
data can be approximated by a polynom of 3" order. This allows to calculate the
thermal conductivity at 4.2 K. The value found (13+2 W/mK) enables to derive
RRR from the relation [16],

RRR =4 k(4.2K). (A1)

The mean free path [ can be obtained from Eq. (4.5) and the Ginsburg-Landau
parameter « is related to [ via Eq. (2.45). All material parameters derived from the
thermal conductivity are presented in Tab. A.1. The values are consistent with the
results from the penetration depth measurements and lower than the ones derived
from the normal conducting surface resistance. The difference of this method is
that not only a surface layer of the sample disk is probed but the bulk material of
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Figure A.1l.: Left: Heat flow along the sample surface and the sample cylinder and posi-
tion of heater and temperature sensors inside the thermometry chamber of the
Quadrupole Resonator. Right: Thermal conductivity of the bulk niobium sample
as a function of temperature.

sample disk and cylinder.

Table A.1.: Material parameters of the bulk niobium sample derived from thermal conductivity

measurement
kat 42K RRR [ kat 4.2K
in W/mK in nm
13+£2 5248 140+22 1.0840.06
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B. Field Limitations of
Superconducting Cavities

B.1. Multipacting

Multipacting is a resonant process where an electron emitted from the surface of
a cavity, for example by a cosmic ray, is accelerated by the RF field. When the
particle impacts the surface again it produces secondary electrons. The secon-
daries are accelerated as well and produce further secondaries. A resonant process
starts, where the number of impacting electrons increases exponentially. The mean
amount of secondary electrons released from one impact is the secondary electron
coefficient (SEC) §, depending on the surface material and the impact energy of
the primary electron. Figure B.1 displays ¢ as a function of the impact energy for
a generic material. At low energy the impacting electron loses all its energy within
a thin surface layer of the material. Here the number of charges, the primary
electron interacts with, is proportional to its impacting energy and ¢ is increasing
with the energy of the impacting electron until a few 100 eV. An impacting electron
of higher energy penetrates deeper into the material, interacting with electrons,
which then are unable to escape the bulk. This yields a decrease of ¢ for higher
impact energies, see Fig. B.1 (right). For energies above approx. 1000 eV, § usually
becomes lower than one [16].

Obviously multipacting can only occur if § is larger than one and the electrons
gain enough energy to produce secondary charges. A common multipacting sce-
nario is when an electron returns to its origin after n impacts. These scenarios are
referred to as n-point mulipacting [16].

The most frequent type of multipacting in superconducting cavities used to
be one point multipacting. Emitted electrons are accelerated by an electric field
perpendicular to the cavity’s surface, while the magnetic field forces the charges
on quasi cyclotron orbits. After m RF periods the charges impact the wall, while
they have gained enough energy to release secondaries [16].

If one-point multipacting of order m is to occur, the cyclotron frequency w.
needs to equal a multiple integer of the cavity’s drive frequency wy

Wy = MWe. (B.1)
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B. Field Limitations of Superconducting Cavities
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Figure B.1.: Left: One point multipacting of order 1 (a) and 2 (b). When the cavity shape is
rounded, the electrons drift to the equator. Here the electric field almost vanishes
and secondaries cannot gain enough energy to regenerate (c). Right: Secondary
emission coefficient (SEC) of a generic material (J) as a function of impact kinetic
energy K. Reproduced from [16]

Figure B.1 (left) displays one point multipacting trajectories of order 1 (a) and 2
(b). The most successful solution to overcome one point multipacting is to round
the cavity wall. In a rounded shape the magnetic field varies along the whole
surface and no stable trajectories are possible. Electrons drift to the equator, where
the electric field almost vanishes. Here multipacting ends because electrons do not
gain enough energy to generate secondary charges, see Fig. B.1 (c). Therefore,
in elliptical cavities one-point-multipacting is not an issue anymore. Two point
multipacting may still occur but is rather rare. This scenario is more common in
other RF components such as coaxial lines, couplers, heavy ion cavities or parallel
plate geometries |16].

For parallel plate arrangements possible multipacting areas can be identified by
analytical methods [169]. One point-multipacting can be treated with a semi an-
alytical approach. After the electromagnetic fields in the structure are calculated
by a computer code, dangerous areas can be identified from the ratio of electri-
cal and magnetic field |170]. To identify multipacting scenarios with more than
one impact site tracking codes are required. Two dimensional structures can be
analyzed with a widely used dedicated multipacting code [171]. For three dimen-
sional structures codes not exclusively designed for multipacting problems, like
CST Particle Studio® [172] can be used.

B.2. Field Emission

The surface electric field can limit the maximum accelerating gradient of a su-
perconducting cavity by field emission. Under normal conditions electrons inside
a metal are unable to escape due to an electrostatic potential well. An electric
field E applied on the surface of the metal can lower the work function ® allowing
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B.2. Field Emission

electrons to tunnel the potential well.
The theory of field emission has been worked out by Fowler and Nordheim [173].
They derived a relation for the current of the tunneling electrons

KA E? ( K2<I>3/2)
=————¢exp|— )

I(E) (ID i

(B.2)

where A, the effective emitting area and K; and K, are the Fowler Nordheim pa-
rameters. Emitted electrons are accelerated by the electric field inside the cavity
and when they impact the wall, bremsstrahlung will occur. To explain the mea-
sured X-ray intensities Eq. (B.2) had to be modified by a field enhancement factor
Brn. Substituting E with Spy E yields

KiAd(BpyE)’ K2®3/2) | (B.3)

I(FE) = CID exp (— GonE

Field enhancement factors for different shapes have been calculated but whiskers
or contaminations, which could explain enhancement factors agreeing with the
measured X-ray intensity, are usually not found. Field emission from contami-
nations therefore has to be explained by a Tip-on-Top Model. According to this
model a particle enhances the field by a factor 5y, while a smaller protrusions on
the particle further enhances the field by a factor 3, yielding a total enhancement
factor of /3132 [16].

On the surface of a superconducting cavity there are approximately 100 particles
per cm? with a size between 0.3 and 20 pum. 10% of these particles are field
emitters between 20 and 100 MV/m [16]. Small regions of emitting particles
can sometimes be melted when the energy in the cavity is raised for the first
time. Other particles can be processed. If the repulsive force due to the surface
electric field becomes stronger than the adhesive force binding the particle to
the surface, field emission can be stopped. Since field emission is usually caused
by contaminations and not by whiskers on the surface chemical etching may be
harmful to the performance, because during the process further particles could be
placed on the cavity surface. Field emission can be suppressed by high pressure
rinsing, what is nowadays routinely applied to superconducting cavities [174].
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defect radius
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critical thermodynamic field
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Quadrupole Resonator field constants

in interface tunnel exchange model: thickness of NbyOj5 layer
electron charge

electric field
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frequency
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temperature
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bath temperature

critical temperature

energy

forward (incident) voltage
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transmitted voltage

critical velocity

superfluid velocity

(generic) volume

complex surface impedance
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coupling constant

field enhancement factor
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in percolation model: penetration depth of non linear surface resistance
penetration depth of residual resistance

vacuum permittivity

relative permittivity

energy of a flux thread inside a superconductor far away from the surface
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wavelength

vacuum permeability
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