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Abstract

The European XFEL and the International Linear Collider are based on superconducting
rf cavities. In order to reach the theoretical gradient limits of the superconducting cavities
it is necessary to increase the mechanical quality and chemical composition of the inner
surface as well as to understand the reason for performance limitations. This work is based
on the diagnosis of over 100 XFEL and HiGrade cavities whose performance was limited
by several factors: field emission on dust or surface defects, low-field thermal breakdown
caused by the defects, Q-slope etc.

It was found that some defects were produced during the mechanical production of the
cavity and were not removed by electro-chemical polishing, a standard processing tech-
nique of the inner cavity surface. On the other hand, some of the defects were produced
during the electro-chemical polishing process as the surface initially had imperfections or
inclusions of foreign material.

One of the opportunities to overcome the aforementioned drawbacks is to replace the
“bulk” electro-chemical polishing process by mechanical centrifugal barrel polishing. The
parameters of the surface after each polishing step were studied using small samples, so-
called coupons. An undersurface layer was investigated using metallographic techniques
and cross sectioning. The influence of centrifugal polishing on the specific parameters of
a 9-cell cavity (field flatness, eccentricity etc.) was investigated. As a result, a single-step
centrifugal barrel polishing process followed by a standard “light” electropolishing was
proposed for industrial application.

Although the performance-limiting mechanisms are understood in general, the origin of
the quench of the cavity is often unclear. To determine the quench locations, a localisation
tool for thermal breakdown using the “second sound” in superfluid helium has been used.
All components of this tool were improved to increase the accuracy of the measurements.
A new program code for quench localisation calculating the path of the second-sound
wave was developed. This allows the signals from all sensors to be used, regardless
of their position relative to the quench site. The new approach was validated using
additional techniques such as a temperature mapping and an optical inspection of the
inner cavity surface. Furthermore, a new multi-sensor for second-sound wave detection in
the helium vessel of a cavity was developed and successfully tested on a serial-production
XFEL cavity. The determined quench site location was confirmed by subsequent optical
inspection. The algorithm localises the quench without mode measurements i.e. there
is no need to dismount HOM-antennas which requires special procedures and must be
performed in a clean-room.

The mathematical approach described in this paper can be applied for second-sound tests
of superconductive cavities of various shapes and dimensions.
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Zusmmenfassung

Der Europäische XFEL und der Internationale Linear Beschleuniger basieren auf supralei-
tenden RF Kavitäten. Um die theoretischen Grenzen dieser supraleitenden Kavitäten zu
erreichen, ist es notwendig die mechanische Qualität sowie die chemische Zusammenset-
zung der inneren Oberfläche zu verbessern sowie die Ursache für die Leistungslimitation
zu verstehen. Diese Arbeit basiert auf der Diagnose von über 100 XFEL und HiGrade
Kavitäten, deren Leistung von verschiedenen Faktoren limitiert wurden: Feldemissio-
nen durch Staub oder Oberflächendefekten, thermische Zusammenbrüchen bei niedrigen
Feldern verursacht durch Defekte, Q-Slope etc.

Es stellte sich heraus, das einige dieser Defekte während der mechanischen Produktion
dieser Kavitäten entstanden sind, und nicht durch ein elektro-chemischer Politur ent-
fernt wurden, was eine Standard Oberflächenbehandlung ist. Andererseits wurden einige
Defekte durch die elektro-chemische Politur erzeugt, da das Material Einschlüsse oder
Unreinheiten von Fremdmaterial beinhaltete.

Eine der Möglichkeiten diese erwähnten Nachteile nicht erst erscheinen zu lassen ist, diese
elektro-chemische Politur durch eine mechanische zentrifugale Politur zu ersetzen. Die Pa-
rameter der Oberfläche wurden nach jedem Politurschritt untersucht, anhand von kleinen
Proben, so genannten Coupons. Eine oberflächennahe Schicht wurde anhand metallurgis-
chen Mittel und Querschnittsmessungen untersucht. Der Einfluss der zentrifugalen Poli-
tur auf bestimmte Parameter einer 9-Zellen Kavität (Feldflachheit, Exzentrizität, etc.)
wurden untersucht. Als Ergebnis wurde eine Ein-Schritt mechanische Politur als Ersatz
für die Standard leichte elektro-chemische Politur für industrielle Anwendung vorgeschla-
gen.

Obwohl die leistungslimitierenden Mechanismen verstanden im Prinzip verstanden sind,
ist die Ursache eines Quenches einer Kavität oftmals unklar. Um den Quenchort zu
bestimmen wurde ein Lokalisierungs-Werkzeug benutzt, welches den zweiten Schal in
suprafluiden Helium zur Bestimmung des Ortes des thermischen Zusammenbruch be-
nutzt. Alle Komponenten dieses Werkzeuges wurden verbessert zwecks einer Steigerung
der Genauigkeit der Messungen. Ein neuer Programmcode zur Quenchortbestimmung,
welcher den Pfad der zweiten Schal Welle berechnet, wurde entwickelt. Dies erlaubt
die Nutzung aller Sensoren, unabhängig Ihrer Positionen relativ zum Quenchort. Dieser
neuer Ansatz wurde durch Temperaturkarten und optischen Inspektionen der inneren
Kavitätenoberfläche überprüft. Des weiteren wurde ein Multi-Sensor für die zweiten Schal
Wellen Detektion innerhalb eines Heliumtanks einer Kavität entwickelt und erfolgreich an
einer seriengefertigten XFEL Kavität getestet. Der so bestimmte Quenchort wurde durch
eine folgende optische Inspektion bestätigt. Der Algorithm lokalisiert Quenche ohne Mod-
enmessungen, was bedeutet das die Notwendigkeit des Entfernens einer HOM-Antenna
entfällt, was wiederum eine Spezialprozedur in einem Reinraum bedeuten würde.

Der mathematische Ansatz, der in dieser Veröffentlichung beschrieben wird, kann für
zweiter Schall Tests von jeglicher Form und Gröe supraleitender Kavitäten genutzt wer-
den.
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Chapter 1

Essentials of Superconducting
Cavities

In a general sense, the first particle accelerators were the gas discharge tubes of the
late nineteenth century in which the properties of gas discharge were studied. Later,
acceleration of electrons was widely used in X-ray tubes and high-intensity ion beams
used to observe nuclear disintegrations [1]. In the beginning, electrostatic fields were used
to accelerate charged particles. However, the acceleration voltage was limited to some
10 MV by the breakdown caused by the electrostatic field ionising the gas.

The resonant acceleration of particles through a linear array of accelerating electrodes
was proposed by G.Ising in 1925 and demonstrated by Rolf Wideröe in 1928 [2]. In such
a device operating in the rf regime, the direction of the electric field alternates sufficiently
fast that the gas is not ionised.

To keep the accelerator small and increase the beam energy, particles should pass through
the same accelerating field multiple times. This is implemented in circular accelerators,
cyclotrons [3] and synchrotrons [4], where the magnetic field is used to bend particles
into an orbit. The largest synchrotron, The Large Hadron Collider (LHC), has been in
operation at CERN since 2008 [5]. One of the main physics goals of the LHC was the
discovery of the Higgs boson [5], which was found in 2012 [6, 7].

Large-scale linear accelerators have been used since 1966 (Stanford Linear Accelerator
Center [8]) for the acceleration of light particles (electrons and positrons), as their energy
in a circular machine is limited by loss from synchrotron radiation [9].

1.1 Linear Light Particle Accelerators

1.1.1 Tesla Test Facility and FLASH

To reduce energy losses and increase duty cycles, superconducting accelerators were pro-
posed, and TESLA became the first large scale superconducting linear collider project
[10].
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Chapter 1. Essentials of Superconducting Cavities

To test technologies and superconducting materials for such a machine, a linear accelerator
prototype named the TESLA Test Facility (TTF) was built at DESY in 1992 [11, 12]. The
test of the demonstration linac was successful and TTF was extended into a 250 m long
user light-source facility named the Free Electron Laser in Hamburg (FLASH) [13]. It
reliably provides free-electron-laser (FEL) radiation created by an electron beam. Further
evolution of the machine [14, 15, 16] lead to achieving a first harmonic wavelength of
4.1 nm [17, 18]. This allows operation in the so-called “water window”, in a gap between
the K-absorption edge of oxygen (2.34 nm) and the K-absorption edge of carbon (4.4 nm),
in which water is transparent to X-rays [17, 18]. Thereby, new kinds of experiments
in material science, pharmaceutics and biology became possible (e.g. viewing biological
processes).

The key technology for such a machine is the superconducting accelerating structure called
a cavity. Although TESLA has not been built, its superconducting technologies have been
developed and tested and are used for several accelerators.

1.1.2 European X-Ray Free-Electron Laser

Successful use of the TESLA technology in FLASH and increasing requests for beam time
and photon energy led to the decision to build a 3.4 km long FEL based on the improved
technology. The European X-Ray Free-Electron Laser (XFEL) was proposed in 2006 [19]
and is currently under construction at DESY. It is based on a 2.1 km linear accelerator
built of 800 TESLA-type superconducting rf cavities. The beam energy at XFEL is
17.5 GeV, which will provide X-ray pulses with wavelength down to 0.1 nm. However, the
linac design energy of 20 GeV includes the potential to reach a lower wavelength of about
0.08 nm [19].

The main challenge for XFEL was the industrialization of the cavity production [20, 21].
The ILC-HiGrade programm was set up and includes the production of 24 cavities in
addition to the XFEL cavities [22, 23]. These cavities were used as an additional quality
assessment and also to investigate the cavity performance and to develop and improve
cavity-diagnostic techniques. The work presented in this thesis is based on the HiGrade
and XFEL cavities.

The experience gained through the construction of XFEL gives valuable information to-
wards the planning of the International Linear Collider (ILC) [24].

1.1.3 International Linear Collider

After discovery of a Higgs boson at 125 GeV at LHC [6, 7, 25], a more detailed examination
at a new collider is required. Protons have a complex structure so the initial state in
collisions in LHC is not well defined. To understand the Higgs boson, studies need to
include precision measurements of the mass, spin and parity, the coupling to gauge bosons,
decay branching ratios, the total decay width, the Yukawa coupling to the top quark and
its self-coupling [26, 27, 28, 29]. Precise measurements can be done using the point-like
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1.1. Linear Light Particle Accelerators

electrons and positrons (e+e− collider). Several concepts exists for such a lepton collider
[30, 31]; the ILC is the most advanced design with proven concepts.

An overview of the ILC is shown in Fig.1.1. The accelerator is based on the supercon-
ducting technology developed by the TESLA collaboration [32].

Figure 1.1: Schematic layout of the ILC, indicating all the major subsystems (not to
scale) [33].

In the first stage of construction, ILC will collide electrons and positrons at a center-of-
mass energy of 250 GeV. With such parameters, the most of the properties listed above
can be investigated. The measurements of the Higgs coupling to the top quark and Higgs-
Higgs coupling require an upgrade of the collider to provide a center-of-mass energy of
500 GeV [34] and subsequently 1 TeV.

The ILC requires the production of 16000 9-cell superconducting cavities and assembling
them in cryomodules. A nominal accelerating field of 31.5 MV/m should be maintained.
Such an ambitious project will be a technological and logistical challenge, thus a global
effort with regional R&D programs is needed to realize such an ambitious goal.

The machine parameters of FLASH, XFEL and ILC are listed in Table 1.1.

Table 1.1: Machine parameters of FLASH, XFEL and ILC [35, 19, 33]

FLASH XFEL ILC

Beam energy GeV 1.25 17.5(20) 500 (1000)
Nominal accelerating field MV/m 26 23.6 31.5
Number of TESLA cavities 56 800 16000
Repetition rate Hz 5-10 10 5
RF-pulse length ms 1300 1400 1600
Bunch length ms 800 650 970
Bunch charge nC 0.1-1 1 3.2
Average beam current mA 9 5 9
Rf frequency GHz 1.3 1.3 1.3
Effective acceleration length m 56 800 2 · 8000
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Chapter 1. Essentials of Superconducting Cavities

1.2 Superconductivity

In 1911 Kamerlingh-Onnes experimentally established that a pure metal can be brought
to such a condition that its dc electrical resistance becomes zero [36]. Such a state
observed for certain materials is called superconducting. The main obstacle for reaching
superconductivity is the need to cool down the material below the critical temperature
Tc. For niobium, the most common material used for superconducting cavities, Tc equals
9.2 K if no magnetic field is applied. In the superconducting state, the repulsion of an
applied magnetic field out of the material is known as Meissner-Ochsenfeld effect.

A microscopic description of superconductivity has been developed by Bardeen, Cooper
and Schrieffer (BCS theory) [37]. Below the critical temperature, the conducting electrons
can form electron pairs (Cooper pairs). The Cooper pairs are bound states of lower energy
compared to the sum of the individual electrons.

Energy Gap

A Cooper pair obeys Bose-Einstein statistics. Therefore all the pairs can be in the same
quantum state.

The pairing energy 2∆(T ) is called the energy gap. For niobium at T = 0 K [38]:

2∆(0) = 2 · (1.906 · kBTc) = 3.05 meV. (1.1)

where kB is the Boltzmann constant. The actual gap depends on material due to differ-
ences in the electron-phonon interaction strength. The temperature dependance of the
superconductive energy gap was studied in [39] and [40] and is shown in fig.1.2.

Figure 1.2: The energy gap of Pb, Sn, and In films as a function of reduced temperature,
compared with the BCS theory [39].

Breaking Up of Cooper pairs

To produce resistance, electrons have to be scattered, i.e. the Cooper pairs have to be
broken up. As potential scattering on impurities or defects cannot increase the energy of
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1.2. Superconductivity

the electrons in the pair, the Cooper pairs are not scattered on impurities. Phonons also
do not scatter Cooper pairs until the thermal energy exceeds the energy gap (i.e. while
T < Tc). Therefore the dc resistance of the superconductor is exactly zero [41].

To break up a Cooper pair, the energy deposited in the material needs to be above the
gap value. This energy can be supplied by raising the temperature, electrical current or
an external magnetic field.

The critical dc current density is given by

Jc =
2en∆

mevF
. (1.2)

where e is the electrical charge of the electron, n the number of electrons, me the mass
of the electron and vF the Fermi velocity. Over this critical current density, the Cooper
pairs will have energy gain exceeding 2∆, and will be broken up.

When an external dc magnetic field is applied to the superconductor, currents in the layer
of the penetration depth flow to cancel the field inside the material. This increases the
free energy of the superconducting state.

The phase space for a superconducting state is given in Fig.1.3.

Figure 1.3: Sketch of a superconductor phase diagram. The blue, green and red curves
represent the critical parameter Jc(H,T = 0), Hc2(T ) and Jc(H = 0, T ) dependencies.
The Jc(H) dependencies at given temperatures T 6= 0 are also shown [42].

Type I and Type II Superconductors

Two material parameters are used for the description of superconductivity. The London
penetration depth, λL, characterizes the distance to which a magnetic field penetrates
into a superconductor, and the Pippard coherence length, ξ, is the distance between the
Cooper-paired electrons. The Ginzburg-Landau parameter, κ, which is defined as

κ =
λL
ξ
, (1.3)
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Chapter 1. Essentials of Superconducting Cavities

determines the response of a superconductor to an external magnetic field. In fact, there
are two types of superconductors, which can be characterised using κ.

If κ < 1√
2
, the coherence length is considerably larger than the penetration depth of the

magnetic field. This is a case for a type I superconductor. It repels the external magnetic
field, B, until a critical magnetic field, Bc, is reached. If B > Bc, the field fully penetrates
the superconductor and superconductivity breaks down.

For type II superconductors (with κ > 1√
2
), the magnetic field is fully repelled up to value

Bc1. Above this threshold, an increasing amount of magnetic flux vortices with magnetic
flux

Φ =
h

2e
, (1.4)

where h is the Planck constant, e the elementary charge, enter the material and generate
normal conducting zones in a periodic lattice arrangement of flux vortices. DC current
flows through the superconducting regions without loss avoiding the normal conducting
regions. Superconductivity can remain locally until the upper critical field, Bc2, when
the normal conducting zones overlap and block any superconducting path through the
material.

The phase diagrams for superconductors of type I and II are shown in Fig.1.4.

Figure 1.4: Phase diagram for superconductors of type I (a) and II (b).

The achievable critical magnetic fields Bci depend on the temperature and follow an
approximate parabolic temperature dependence:

Bci(T ) = Bci0

[
1−

(
T

Tc

)2
]
, (1.5)

where Bci0 = Bci(T = 0).

A metallic example of a type I supercondoctor is lead with κ ≈ 0.45 and Bc0 ≈ 80 mT.
Niobium, which is used for superconducting cavities, is a type II superconductor with
κ ≈ 1. The thermodynamic critical magnetic dc field Bc = 190 mT at a temperature of
T = 2 K. For the RF case it can exceed Bc by about 20% due to the very short period (<
1 ns) where the magnetic field is higher than Bc and the transition from superconductivity
to normal conductivity cannot be completed[41]. This effect is called “superheating”. The
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1.2. Superconductivity

superheated field, Bsh, has been calculated on the basis of the Ginzburg-Landau equations
[43] for different κ in [44]:

Bsh = 0.75Bc for κ� 1, (1.6)

Bsh = 1.2Bc for κ ≈ 1, (1.7)

Bsh =
1√
κ
Bc for κ� 1. (1.8)

RF resistance

For rf currents, the surface resistance of a superconductor is nonzero. The Cooper pairs
have inertia, so force must be applied to make the time-varying current flow. Because of
their inertia, the Cooper pairs do not screen the applied field perfectly and a time-varying
electric field is present in the skin layer. This field couples to the normal electrons to
accelerate and decelerate them, leading to dissipation [41].

The surface resistance, Rs, can be obtained as

Rs = Asω
2 exp

(
−∆(0)

kBT

)
, (1.9)

with As is material-dependent parameter.

The experimentally observed surface resistance is higher than the BCS prediction (see
Fig.1.5). In addition to the BCS term there is a residual resistance Rres caused by
impurities, frozen-in magnetic flux, or lattice distortions:

Rs = RBCS(T ) +Rres. (1.10)

This term is temperature independent and amounts to a few nΩ for very pure niobium
but may readily increase if the surface is contaminated [45].

The exponential temperature dependence of Rs is the reason that operation at 1.8 – 2 K is
essential for achieving high accelerating gradients in combination with very high quality
factors. Superfluid helium is an excellent coolant owing to its high heat conductivity
[45].
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Chapter 1. Essentials of Superconducting Cavities

Figure 1.5: The measured niobium surface resistance in a 9-cell superconducting cavity
plotted as a function of TC/T . The residual resistance of 3 nΩ corresponds to a quality
factor Q0 = 1011 [46].

8



1.3. Radio Frequency Acceleration

1.3 Radio Frequency Acceleration

A cavity is a structure in which electromagnetic fields are used to transfer energy to a
particle beam. If an oscillating field within an rf part of the electromagnetic spectrum is
used, such a structure is called an rf cavity. A rf cavity can be designed as a travelling-
wave or as a standing-wave cavity [47, 48]. In a travelling-wave cavity, a wave travels along
the structure. In a standing-wave cavity, an incident wave interferes with a reflected wave
and a standing wave pattern is formed. For reasonable stability of the parameters, the
travelling-wave mode of operation needs more rf power for the same accelerating gradient
and aperture. The standing wave structures open a wider range of flexibility in choice
of accelerating gradient and aperture and allows the required beam performance to be
combined with cost reduction [48].

1.3.1 RF resonator

A simple resonant cavity is a cylindrical pillbox cavity. A detailed analysis of such a
cavity is given in [41] and [49].

Consider a cylindrically symmetric pillbox cavity of radius R and length l (see Fig.1.6).
Maxwell’s equations for electromagnetic fields inside the cavity are

∇ · #»

B = 0, (1.11)

∇× #»

B = µε
∂

#»

E

∂t
, (1.12)

∇ · #»

E = 0, (1.13)

∇× #»

E = −∂
#»

B

∂t
, (1.14)

where ε and µ are respectively the dielectric permittivity and permeability of the
medium.

Figure 1.6: Schematic drawing of a pillbox cavity with cylindrical coordinates r, φ, z.

The TM modes are of interest for beam acceleration in an RF cavity. In an ideal accel-
eration cavity, the electromagnetic fields satisfy the boundary condition:

#»n × #»

E = 0, (1.15)
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Chapter 1. Essentials of Superconducting Cavities

#»n · #»

H = 0, (1.16)

with #»n is the unit vector normal to the surface of the conductor. There is no tangential
component of electric field and no normal component of magnetic field.

Assuming a time-dependent factor e−iwt for electric and magnetic fields, the TM standing
wave modes in cylindrical coordinates (r, φ, z) are

Ez = Ak2rJm(krr)cos(mφ)cos(kz), (1.17)

Er = −AkkrJ ′m(krr)cos(mφ)sin(kz), (1.18)

Eφ = A
mk

r
Jm(krr)sin(mφ)sin(kz), (1.19)

Hz = 0, (1.20)

Hr = iA
mω

c2r
Jm(krr)sin(mφ)cos(kz), (1.21)

Hφ = iA
ωkr
c2

J ′m(krr)cos(mφ)cos(kz), (1.22)

where A is a constant, m is azimuthal mode number, k, kr are wave numbers in the
longitudinal and radial modes, and

ω

c
=
√
k2 + k2r . (1.23)

The longitudinal wave number k is determined by the boundary condition that Er = 0
and Eφ = 0 at z = 0 and l, i.e.

kz,p =
pπ

l
, p = 0, 1, 2, · · · . (1.24)

Similarly the radial wave number is determined by the boundary condition with Ez = 0
and Eφ = 0 at r = 0 and R, i.e.

kr,mn =
jmn
R
, (1.25)

where jmn are zeros of Bessel functions Jm(jmn) = 0.

The resonance frequency for mode number (m,n, p) is

ωmnp = ckmnp = c
√
k2r,mn + k2z,p = c

√
j2mn
R2

+
p2π2

l2
. (1.26)

The lowest frequency mode is called the fundamental mode. Other resonant frequencies
are called higher-order modes (HOM). The electromagnetic field of the lowest mode TM010

is
Ez = E0J0(kr)e

−iwt, (1.27)

Hφ = −iE0

c
J1(kr)e

−iwt, (1.28)

ω010 =
2.405c

R
. (1.29)
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1.3. Radio Frequency Acceleration

The resonant frequency ω010 is independent of the cavity length as there is no variation
of the fields in the z direction [41].

The phase velocity, ω/kz,p, for the travelling wave component of the TM010 mode with
kz,p = 0 is infinite. Thus, beam particles travelling at speed v ≤ c do not synchronize
with the electromagnetic wave. To slow down the phase velocity, the cavity is loaded with
one beam hole with a variety of cavity geometries and shapes. Many different geometric
shapes are used in the design of high-frequency cavities, but their function is quite similar.
All cavities convert TEM wave energy into TM mode to attain a longitudinal electric
field.

1.3.2 Accelerating field

The average accelerating field Eacc can be obtained as

Eacc =
1

l
E0

∣∣∣∣∫ l

0

eiω0z/cdz

∣∣∣∣ , (1.30)

where E0 is the peak electric field and l is the length of the cavity.

Very important parameters are the ratio of the peak surface electric field to the acceler-
ating field Epeak/Eacc and the ratio of the peak surface magnetic field to the accelerating
field Bpeak/Eacc. The peak surface electric field Epeak is important because of the danger
of field emission in high electric-field regions (see Section 1.4.1). The peak surface mag-
netic field Bpeak is strongly limited for superconductive cavities by the critical magnetic
field of the material. For niobium used for the cavity production, the superheating field
(see Section 1.2) is 228 mT.

For TESLA-shaped cavities [45],

Bpeak

Eacc
= 4.26

mT

MV/m
, (1.31)

there is a thermodynamical limit for the accelerating field of around 54 MV/m.

1.3.3 Eigenmodes

A multicell cavity is a structure with multiple resonators (cells) coupled together. As with
any set of coupled oscillators, there are multiple modes of excitation of the full structure for
a given cell excitation mode (e.g. TM010). For a multicell cavity, the preferred accelerating
mode provides an equal energy gain to a particle in each cell. This is accomplished by
making the fields in neighboring cells π radians out of phase with each other and requiring
the particle to cross a cell in one-half an rf period [41].

To calculate the eigenmodes, a cavity is modeled with an equivalent circuit model shown
in Fig.1.7. In this model, L and C are the characteristic inductance and capacitance
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for each cell. The cell-to-cell coupling is done capacitively via Ck. The beam tubes are
modelled by a capacitance Cb.

Figure 1.7: Equivalent circuit for a 9-cell cavity with beam tubes [41].

After applying Kirchhoff’s voltage summation rule to each current loop the general matrix
equation can be obtained (see [41] for details). The eigenvectors of this equation are given
by

vj
(m) = B(m)sin

[
mπ

(
2j − 1

2N

)]
, (1.32)

where vj
(m) is the voltage for the cell number j = 1, . . . N in mode m = 1, . . . N . B(m)

is a normalising coefficient (see [41]). The computed orthonormal eigenmodes of a 9-cell
cavity are shown in Fig.1.8.

Figure 1.8: Field amplitudes in a 9-cell cavity depending on the mode excited (bars). The
curve shows the equivalent modes of a cavity with N →∞.

The frequencies of the resonant eigenmodes can be calculated via(
ωm
ω0

)2

= 1 + 2k
[
1− cos

(mπ
N

)]
, (1.33)
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1.3. Radio Frequency Acceleration

where ωm is the frequency of the mode m, ω0 the resonant frequency of the individual
resonator, k the cell-to-cell coupling and N the number of resonators.

The relative positions of the modes (a dispersion diagram) for a 9-cell cavity Z110 are
shown in Fig.1.9.

Figure 1.9: Modes of a 9-cell cavity Z110 at room temperature.

The TM010 mode is usually chosen for acceleration because it has the lowest eigenfrequency
[41].

Dipole modes are undesirable in accelerating cavities because they disrupt the beam
[41].

The fact that different modes have different field strength per cell is used as a diagnostic
method during the cavity rf test. By testing the cavity in different eigenmodes, the con-
tribution of loss mechanisms in individual cells is modulated with the relative amplitude
of the eigenmode in question. Since in each mode there is a set of cells which experience
the highest field amplitude, these cells are considered to be the limiting cells in this mode
[50].

1.3.4 Quality factor and losses

For the accelerating cavity, the quality factor is an important figure of merit. It is defined
as

Q0 =
ω0U

Pc
, (1.34)

where U is the stored energy and Pc is the power dissipated in the cavity walls.

In order to support the cavity fields, currents flow within a thin layer of the walls. As
a superconductor has non-zero resistance at rf fields, the wall currents that sustain the
fields dissipate energy. The losses can be characterized by the surface resistance Rs which
is defined via the power dissipated per unit area due to Joule heating [41].
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Pc =
1

2
Rs

∫
S

∣∣∣ ~H∣∣∣2dS, (1.35)

where S is the internal cavity surface.

The total energy in the cavity is given by

U =
1

2
µ0

∫
V

∣∣∣ ~H∣∣∣2dV =
1

2
ε0

∫
V

∣∣∣ ~E∣∣∣2dV, (1.36)

where V is the volume of the cavity.

Thus from (1.34–1.36):

Q0 =
ω0µ0

∫
V

∣∣∣ ~H∣∣∣2dV
Rs

∫
S

∣∣∣ ~H∣∣∣2dS (1.37)

or

Q0 =
G

Rs

, (1.38)

where the geometry constant G is given by

G =
ω0µ0

∫
V

∣∣∣ ~H∣∣∣2dV∫
S

∣∣∣ ~H∣∣∣2dS . (1.39)

The geometry factor G depends on the cavity shape but not its size or wall materials,
therefore it is used for comparing different cavity shapes.

A Q0 vs. Eacc plot is used to qualify the cavity performance and gives important infor-
mation about limiting processes. In Fig.1.10, a series of Q0 vs. Eacc plots with different
physical limitations are given.
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1.3. Radio Frequency Acceleration

Figure 1.10: Schematic Q0 vs Eacc plot. The theoretical performance of a TESLA cavity
should be a constant quality factor up to the thermodynamical limit of 55 MV/m [51].
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1.4 Performance Limitations

The fundamental advantage of superconducting cavities is the extremely low surface resis-
tance of about 10 nΩ at 2 K. The typical quality factors of normal conducting cavities are
104 − 105 while for superconducting cavities they may exceed 1010, thereby reducing the
rf losses by 5 to 6 orders of magnitude. In spite of the low efficiency of refrigeration there
are considerable savings in primary electric power. Only a tiny fraction of the incident
rf power is dissipated in the cavity walls, most of it is either transferred to the beam or
reflected into a load [45].

However, the RF accelerating field and the quality factor are limited by a number of
mechanisms. An overview is given in [41, 52, 53].

1.4.1 Field electron emission

Field emission of electrons from sharp tips is the most severe limitation in high-gradient
superconducting cavities. In field-emission loaded cavities, the quality factor drops expo-
nentially above a certain threshold and X-rays are observed [45].

Fowler and Nordheim showed that, in the presence of an electric field, electrons tunnel
out of the metal into the vacuum. The Fowler-Nordheim (FN) theory of electron field
emission was developed for the case of DC fields [54] and is based on the quantum-
mechanical tunneling of conduction electrons through a modified potential barrier at
an ideal and clean metal surface (see Fig.1.11). The temperature mapping diagnostic
technique (described in Section 1.6.2) for superconducting cavities shows that emission
always arises from particular spots, called emitters, located in locally high electric field
regions. Electrons emerge from emitters, travel in the rf fields of the cavity and impact the
rf surface. Energy is deposited by this impacting and can create a thermal breakdown of
the cavity [41]. However, the biggest problem is Bremsstrahlung, which limits the cavity
performance due to safety regulations on the emitted X-rays.

The FE DC current can be expressed as

j(E) = C1 ·
E2

Φ
exp

(
−C2 · Φ3/2

E

)
, (1.40)

with C1 and C2 weakly material-dependent constants (see [55]), E the external field and
Φ the work function of the material. However, a comparison with the observed currents
reveals that, at a given field, emission is higher than the theory prediction. This excess has
been attributed to a field enhancement factor, which is related to the physical properties
of the emitter [41]. For real metal surfaces, the field E used in this equation must be
multiplied with an enhancement factor βFN [56].

The classical interpretation of βFN is that certain sites on the surface, such as scratches
and bumps, metallic or dielectric impurities, dust or grain boundary imperfections [57, 58],
enhance the electric field. The enhancement factor typically lies in the range of 10–100
but can reach a value of several thousand and higher. In [59] it is shown that the size of
surface defects must be smaller than 1.3 µm to reach an accelerating field of 40 MV/m.
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Figure 1.11: Energy diagram of a metal-vacuum interface. The electrons fill the energy
levels of the conduction band, up to the Fermi level, εF . If an electric field is applied to
the surface, the potential barrier, V (x), seen by the electrons becomes triangular [55].

To reach this goal, surface conditioning is a vital step [60]. Using ultra-clean rooms for
assembly, high-purity niobium for fabrication and high-pressure high-purity water rinsing
for cleaning are key techniques to achieve high fields. During the cavity production for
XFEL, field emission was the main reason for cavity re-treatment [61].

1.4.2 Multipacting

Multipacting is a resonant RF electron discharge in vacuum with electron multiplication
due to the secondary electron re-emission processes.

Multipacting occurs if electrons are synchronized with the RF fields, i.e. resonant trajec-
tories exist, and if the impact energy of the primary electron is in the range to produce a
secondary electron yield δ greater than one (see fig. 1.12).

If both conditions are met by the electron clouds trapped in the RF fields, the electrons
absorb RF power and reduce the quality factor. In axial-symmetric accelerating TM01

cavities, this resonant discharge happens at the equatorial region where the magnetic field
is high and the electric field is quite low.

For TESLA-shaped cavity, multipacting occurs at a peak electric field of around 40 MV/m.
A calculated two-point resonant trajectory is shown in Fig.1.13). Calculations in [63]
predict another type of multipacting with resonant electron trajectory that is far from
the equator.

One-point multipacting at the equator of axial-symmetric cavities can occur when elec-
trons impact the surface almost at the same place (see Fig. 1.14). Synchronization occurs
when the time of flight is about equal to an integer number of rf periods. In this way the
re-emitted electrons have the same starting parameters as the primary.

If very strong multipacting occurs, the accelerating field cannot be increased. This effect
is called the multipacting barrier.
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Figure 1.12: The secondary electron yield for technical bulk Nb after different treatments
[62].

Figure 1.13: A two-point first-order electron trajectory in TESLA cavity for a peak electric
field of 47.5 MV/m [64].

There are several possibilities to avoid or reduce the multipacting effect. Different surface
treatments (see Fig.1.12) can reduce the secondary electron yield. It can be also reduced
by baking niobium at moderate temperatures [66]. Most occurrences of multipacting can
be treated by keeping the cavity at the accelerating field for some time. Multipacting can
be avoided or shifted to different energies by changing the cavity design. Currently, the
limitation by multipacting is mostly eliminated for the TESLA-shaped cavity itself, but
still is an issue for the couplers and antennas.

1.4.3 Thermal breakdown

If some area of the superconductive cavity becomes normal conducting, it leads to thermal
breakdown of the whole cavity. This effect is called a quench. There are two mechanisms
causing a quench: temperature instability and magnetic instability.
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Figure 1.14: Example of electron orbits for third-order multipacting. Only one electron
for each of 10 generations is included [65].

A thermal quench is caused by the Joule heating of a normal conducting defect.

A magnetic quench is caused by a local rise of the magnetic field above the critical
magnetic field. It can be achieved by the enhancement of the magnetic field due to
geometrical defects or by depression of the critical magnetic field of the superconductor
by e.g. a chemical modification.

It is well known that a larger defect leads to a lower breakdown threshold, although it is
not necessary to have an optically detectable large defect to produce a low quench field.
Is more likely to occur in the equator region where the magnetic field has its highest value
and the welding procedure and resulting geometry enhances the causes of quenches. A
higher thermal conductivity increases the breakdown field [67]. Analytical approaches to
relate defect geometry and the corresponding quench field were done in [68, 69, 70, 71]
and simulations of quench dynamics are described in [72, 73, 74].

1.4.4 Hydrogen Q-disease

Hydrogen is generally recognized as being responsible for a degradation of the quality
factor Q0 of Nb cavities called “Q-disease” (see Fig.1.10) [75, 76, 77]. It starts even at
low values of the applied accelerating field and is well understood.

Niobium can readily absorb gases that have detrimental effects on its superconducting
properties. Hydrogen is absorbed into Nb exothermally, and it is hard to avoid during
cavity fabrication. The temperature is strictly controlled during chemical processing in
order to decrease the diffusion of hydrogen into niobium.

The state of H in Nb depends on its concentration and the temperature and can be
predicted at equilibrium conditions using the binary Nb-H phase diagram (see Fig.1.15).

19



Chapter 1. Essentials of Superconducting Cavities

At small hydrogen concentrations (below 52 at %), Nb-H forms solid solutions i.e. H

Figure 1.15: Binary Nb-H phase diagram [78].

atoms are randomly distributed among the tetrahedral positions of the body-centered
cubic (bcc) lattice of Nb [79]. There are 12 different tetrahedral interstices within the
unit cell of Nb (see Fig.1.16a). The H interstitials have associated crystal lattice dis-
tortions and the lattice parameter depends linearly on their concentration. At higher H
concentrations or upon cooling to cryogenic temperatures, hydrogen mobility in niobium
decreases and it undergoes phase transitions, thus forming ordered hydride phases (β-,
ξ-, η-, ε-NbH, etc). In Fig.1.16b, the unit cell of the most common β-NbHx having
an orthorohmbic lattice is shown. The angle 90 − γ deviates from 90° depending on x.
Formation of this hydride is accompanied by approximately 12 % volume change, which
results in irreversible plastic deformation of the matrix. This fact makes observation of
low-temperature hydride precipitates feasible at room temperature since the remaining
surface deformation is visible.

Figure 1.16: Ordering of hydrogen atoms in niobium: a) - unit cell of bcc Nb with H at
tetrahedral interstices; b) - unit cell of orthorhombic β-NbH [79].

20



1.4. Performance Limitations

The cooling rate influences the morphology of the hydride precipitates. In [80] it was
shown that slow cooling rates corresponding to equilibrium conditions resulted in large
plates of β-NbHx (see Fig.2.42a) while fast cooling (above 3 K/min) revealed “dendritic”
hydride morphology (Fig.2.42b). In the same work, experimental observations of the
stress effects on β-phase precipitation have been carried out. Deformation during precip-
itation has an effect on the formation of the hydride, the phase-transition temperature
being raised and the hydride forming preferentially along slip bands. However, plastic
deformation prior to hydride precipitation had little effect.

Figure 1.17: Room temperature SEM observations of the surface relief left by hydride in
the Nb-H (1.15 at %) compound after (a) slow cool down and (b) fast cool down (over
3 K/min) [80].

A well-known phenomenon concerning hydrogen in metals is that it tends to interact
with crystal defects such as impurity atoms, dislocations and grain boundaries. Hydrogen
concentrates here and in certain conditions can reach the hydride precipitation limit [81].
In pure well-annealed metals, fewer defects exist, so the surface becomes the principal
defect and segregation of H on the surface is even more pronounced. Thus, the size
of hydride precipitates at the niobium surface and their stoichiometry depend on the
hydrogen concentration in Nb (see the Nb-H binary phase diagram in Fig.1.15), rate of
cooling, amount of impurities and defects of the crystal lattice and the presence of plastic
deformations [80, 82].

The superconductivity of Nb hydride phases has been extensively studied by various
techniques. The dependence of critical temperature on hydrogen concentration is rather
uncertain. In [83] the results of a dc resistance method showed no detectable dependence
of Tc on H concentration between 2.5 atomic percent(at.%) and 24 at.%. However, there
are data that show that Tc decreases monotonically with H content [84].

Studies of various hydrides in a wide concentration range revealed no superconductivity
above 1.5 K [85]. As the cavity operates at higher temperature (2 K), a normal conducting
phase causes power losses. Hydrogen contamination of the cavity material leads to degra-
dation of the quality factor from 1010 to 108. During the RF cold test, the cavity is kept
for 10 h in a temperature range of 100 – 160 K to force the creation of niobium hydrides
and then it is tested for Q-disease. If the Q-disease occurs, the cavity needs to be baked
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at 700 – 900 ◦C in a vacuum to outgas the hydrogen and purify the niobium.
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1.5 Cavity Fabrication

The 1.3 GHz 9-cell SRF cavity developed for the TESLA accelerator was adapted for
FLASH and XFEL with minor changes due to restrictions concerning mechanical, safety
and production aspects. The main cavity parameters are given in Table 1.2. A schematic
overview of the cavity and its subcomponents is given in Fig.1.18. Detailed description
on each fabrication and preparation step can be found in [19, 86, 87, 88, 89].

Table 1.2: Design parameters of the 1.3 GHz 9-cell cavities for XFEL [19]

Parameter Value

Fundamental frequency 1300 MHz
Nominal accelerating field 23.6 MV/m
Quality factor > 1010

Active length 1038 mm
Iris diameter 70 mm
Equator diameter 206.6 mm
R/Q 1030Ω
Epeak/Eacc 2.0
Bpeak/Eacc 4.26 mT

MV/m

Figure 1.18: Drawing of subcomponents of superconducting 1.3 GHz 9-cell XFEL cavity
without a helium vessel [90].

1.5.1 Niobium material

The figure of merit for the practical use of Nb material is the residual resistance ratio
(RRR). It is defined as the ratio of the electrical resistivity ρ at 295 K to the resistivity
at the temperature of liquid helium of 4.2 K:

RRR =
ρ295K
ρ4.2K

(1.41)

Here the value of ρ4.2K is extrapolated, as niobium has TC of 9.28 K and has zero dc
resistance below this temperature (see Section 1.2).
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The electrical resistivity at low temperatures (just right above TC) strongly depends on
impurities and lattice defects, as electron-phonon scattering can be neglected. Thus RRR
depends on the electron mean free path (mfp).

As shown in Fig.1.19, the minimum BCS resistance RBCS is at the value of mfp equal to
the coherence length (640�A for Nb). This mfp corresponds to a RRR value of ca. 10.
When the mean free path becomes much larger than the coherence length as the material
purity and RRR increase, electron scattering on impurities does not occur, and surface
resistance does not improve further.

Figure 1.19: Surface resistance dependence on mean free path of electrons according to
the two-fluid model for niobium at 1.3 GHz and 4.25 K [51].

However, RRR has a significant influence on the thermal conductivity. The minimum
RRR value required for XFEL cavities was defined as 300. Lower RRR values give higher
Q0 [41] due to the decrease of the BCS component RBCS of the surface resistance RS.
However, in practice a high RRR value ensures the low concentration of impurities in bulk
niobium.

The electron scattering on the interstitial impurities influences mostly the RRR, which
can be calculated for example by empirical formula [89]

RRR =

(∑
i

fi
ri

)−1
, (1.42)

where fi is the fractional content of impurity i and ri the corresponding resistivity coef-
ficient.

The most important impurities, the technical specification [19] and some of resistivity
coefficients are given in Table 1.3.

While tantalum is usually the impurity with the highest concentration [41, 91], it is a
substitutional impurity and does not substantially affect the scattering mechanism. Gases
like hydrogen, oxygen and nitrogen drastically affect the niobium surface resistance and
in the end the cryogenic losses.
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Table 1.3: Maximum content and resistivity coefficient of the main impurities [19, 89]

Element Content, µg/g Resistivity coefficient ri, 104 µg/g

Ta 500 111
H 2 0.36
O 10 0.58
N 10 0.44
C 10 0.47

Niobium is molded into an ingot. Several remeltings in a high-vacuum electron-beam
furnace allow purification of the Nb ingot. Light elements evaporate during this process.
Four to six melting steps are generally necessary to reach the RRR = 300 level [19].
The content achieved by melting should be maintained during fabrication and treatment.
Niobium sheets are cut from the ingot, followed by a sequence of forging, rolling, polishing
and annealing. Besides inspection of mechanical parameters, the quality control of the
manufactured sheets with regard to purity and RRR is done by eddy-current scanning of
the niobium sheets [92, 93, 94].

1.5.2 Mechanical fabrication

The basic part for the cavity is a half-cell. The half-cells are mechanically formed by deep-
drawing the sheets with a set of dies, followed by machining the edges at the equator and
iris side. Some additional procedures, such as coining (a form of stamping) and trimming
are applied to the half-cells to achieve the desired curvature and resonant rf frequency.
The cleaning of the cavity parts starts with ultrasonic degreasing, followed by chemical
etching to remove the surface that was in contact with the dies, and finished by ultra-
pure-water rinsing [86]. Two half-cells are welded at the iris with an electron beam weld
(EBW) to form a dumb-bell. Strict vacuum conditions should be held during the welding
to maintain the material purity in the welding region. Two welding passes and a special
pattern for the electron beam during the welding are applied to achieve a smooth welding
bead and full penetration. The welding is done from the outside of the cavity. Then dumb-
bells are welded together at the equator region. All components: the cut-off tubes, HOM
couplers, power coupler and pick-up feed-through are welded by the same technique. Thus,
the most critical areas of the cavity are affected by the welding, as the highest surface
fields are at the equator (magnetic) and iris (electric) regions. In practice, most of the
performance-limiting defects (except dust) are connected to the welding quality.

1.5.3 Surface treatment

The absence of defects and impurities in the inner surface layer is the requirement for
high quality factor and accelerating gradient. To achieve this, a cavity undergoes several
treatments. The standard XFEL process flow is shown in Fig.1.20. In the first step, a
layer of 110 – 140 µm of the inner surface is removed by electro-chemical polishing. This
layer is mechanically damaged during the sheet rolling and half-cell deep drawing. Next
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key step is 800 ◦C annealing (also called baking). The niobium material partially re-
crystallises, and the elastic deformations of the material are relaxed. During the baking,
hydrogen which was loaded into the niobium material during electro-chemical polishing,
bakes out. In some projects a higher baking temperature was used (1400 ◦C [95]) to
have better purification and re-crystallisation. However, the mechanical properties of the
fine-grain niobium material change and its yield strength reduces significantly. It needs a
change of the cavity design to achieve the desired cavity-shape stability and safety margin
against cavity collapse during accidental overpressure. As the thin surface layer becomes
contaminated by residual gases during the baking, it is removed by a subsequent etching
of 10 – 40 µm by buffered chemical polishing (BCP) or electro-chemical polishing (EP),
depending on the vendor. In total, 150 µm of the inner surface layer are removed to reveal
a clean undamaged niobium surface.

Buffered Chemical Polishing

In both type of chemical polishing, hydrofluoric acid (HF ) is used to dissolve niobium
pentoxide (Nb2O5). After the dissolution, a re-oxidation of the niobium by an oxidizing
agent is done. In the BCP case, nitric acid (HNO3) is used for oxidation. The mixture
of HF and HNO3 is strongly exothermic and induces a removal rate of 30 µm per minute
[97]. Heating of the mixture because of the reaction leads to a thermal runaway. At the
same time, large quantities of gases are produced. To reduce the reaction rate, phosphoric
acid (H3PO4) is added as a buffer substance [98]. The mixture is cooled to 15 ◦C, which
reduces the diffusion of hydrogen into the niobium [99, 100]. The DESY standard pro-
cedure contains a mixture of 1 part by volume HF (with concentration of 48%), 1 part
HNO3 (85%) and 2 parts H3PO4 (96%) and results in a removal rate of 1 µm per minute
[97].

Such a chemical polishing was used for preparation of the surface obtained after the cross
sectioning of the Nb samples (coupons) described in Chapter 2.

Electropolishing

The process of electrochemical polishing [101, 102] is widely used for smoothing metal
surfaces. The first application on cavities was done in CERN [103] and further develop-
ment was done in KEK [104]. In the case of EP, the oxidation process is driven by an
external power source and sulphuric acid (H2SO4) is used as an oxidizing agent:

2Nb+ 5SO2−
4 + 5H2O → Nb2O5 + 10H+ + 5SO2−

4 + 10e−. (1.43)

As in the case of BCP, the niobium pentoxide obtained is dissolved by the hydrofluoric
acid as follows:

Nb2O5 + 6HF → H2NbOF5 +NbO2F · 0.5H2O + 1.5H2O, (1.44)

NbO2F · 0.5H2O + 4HF → H2NbF5 + 1.5H2O. (1.45)
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The following mixture is used for polishing of the niobium cavities: 1 part HF (48%) and
9 parts H2SO4 (96%). An applied voltage of 17 V is required to run the electrochemical
etching process in the polishing mode. The electric field concentrates on protrusions,
and these locations are flattened faster than the average removal rate, giving a smoother
overall surface. The applied voltage controls the chemical reaction, so problems like
thermal runaway during BCP are avoided. As sulphuric acid is used in this process,
some sulphur remains on the cavity surface. Such remnants are removed using ethanol
rinsing.

The average surface roughness after EP is ≈ 0.5 µm compared to 1 – 5 µm after BCP. This
is a possible reason[95, 97] why EP-treated cavities show 3 – 4 MV/m higher accelerating
gradient [61] compared to BCP-treated cavities. The general process of electropolishing
is used in all labs working on TESLA-type cavities, with small variations.

800 ◦C Annealing

Chemical surface treatments introduce chemical interstitials, mainly hydrogen, into the
material. To degas these interstitials and reduce mechanical stress introduced during the
mechanical fabrication, the cavity is annealed in an ultra-high vacuum furnace at 800 ◦C
for 2 h. It was found that introducing a small amount of nitrogen (partial pressure of
4 Pa) for a short time period (2 – 30 min) during annealing increases the quality factor of
the cavity in a factor of 2 or higher [105]. One possible explanation is a reduction of the
mean-free-path (and surface resistance) to an optimal level (see Fig.1.19) and preventing
the formation of hydrides by a so-called trapping effect.

The removal of 10 – 40 µm of the surface layer by chemical polishing (BCP or EP) is
required after 800 ◦C annealing.

120 ◦C Baking

The cavity qualification procedure showed exponentially increasing RF losses above
20 MV/m [106]. This effect is named Q-drop and currently complete understanding of
this effect has not been achieved. Baking a cavity for 48 h at 120 ◦C has been proven
mostly to cure this problem. The most likely reason is a decrease of the mean-free-path
due to diffusion of oxygen from near the surface (2 nm before baking) into the material
(10 nm after baking) [107] which results in a lower surface resistance and lower losses. No
chemical treatment is applied after this step.

High Pressure Rinsing

High pressure rinsing (HPR) of niobium with ultra-pure water can result in a > 99%
reduction in surface particulates, reducing the chance of field emission [108]. A tube with
nozzles is inserted into the cavity. Through these nozzles, high pressure (100 bar) ultra-
pure water jets are directed onto the inner cavity surface [109]. Water removes dust and
particles from the inner surface of the cavity. The standard fabrication procedure includes
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repeating the HPR for four times to reduce the particle counts inside the cavity. HPR
has been proven to be the most effective retreatment in the XFEL production scheme
[61].

Cavity preparation

After the final chemical treatment, including additional HPR and ethanol rinsing, the
helium vessel is welded onto the cavity. All other parts of a performance test are assembled
in a clean-room. An overview of the sequence of treatment steps applied for the XFEL
cavities is given in Fig.1.20.
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Figure 1.20: Cavity preparation schemes for the XFEL cavities [96].
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1.6 Cavity Diagnostics

Radio-frequency performance tests on the cavities are a crucial tool for quality control.
The performance of the cavities is determined by measuring their excitation curve, i.e.
the so-called quality factor Q as a function of the accelerating gradient. To first approxi-
mation, Q is independent of the gradient. In a real cavity, the non-perfect superconductor
surface leads to a gradient dependence. The low-power acceptance test done in a vertical
bath cryostat at 2 K temperature includes a measurement of the “excitation curve” with
its gradient limit, and a determination of the dark current onset caused by field emission
[19].

1.6.1 Cold RF Test

The performance of the cavities is determined by measuring their quality factor as a
function of the accelerating gradient.

The cavity is mounted in a supporting frame and placed into a test insert. The insert has
vacuum connectors and feed-throughs for the cables, so that during the test, the cavity
is under vacuum and connected to the rf equipment. Additional testing equipment, such
as second-sound or temperature-mapping systems, can also be mounted in the insert.
To perform a test, the insert is installed into a cryostat. The cryostat has thermal and
magnetic shielding and can be cooled by gaseous or liquid helium to the desired tempera-
ture. Temperatures below 4.2 K are achieved by reducing the pressure over liquid helium.
Typically, the cavity rf performance at 2.0 K is measured. However, for the experiments
described in this thesis, a temperature range of 1.4 – 100 K was used.

To excite a resonance mode of the cavity, it is connected to an rf source by an input
coupler (also known as a main coupler or main antenna). For the standard XFEL tests
and for the tests described in this thesis, a fixed input coupler is used while for some
specific diagnostics a variable main coupler can be used to change the coupling strength
between the cavity fields and the rf source. The output coupler is also called a transmitted
power probe since it picks up power transmitted through the cavity [41].

The schematic rf circuit of the vertical test equipment used at DESY is shown in
Fig.1.21.

An rf generator is set to one of the resonant frequencies of the cavity and feeds the
continuous-wave (CW) amplifier with a low-power rf signal (typically −10 – 10 dBm which
corresponds to 0.1 – 10 mW). The cavity performance is tested in π-mode, as this is the
mode of cavity operation in the accelerator. However, other resonance modes can be used
for additional diagnostics.

Three types of power measurements are made:

1. Forward power, Pfor, from the amplifier at the main coupler.

2. Reflected power, Pref , which is reflected at the cavity main coupler due to mis-
matches of the impedances.
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Figure 1.21: A schematic rf circuit of the vertical test equipment used at DESY [110].

3. Transmitted power, Ptrans, is extracted by the transmitted power probe.

In the standard XFEL test, two additional power measurements are performed for the
HOM antennas. These values are used to reveal problems with the HOM antennas (e.g.
HOM-antenna heating).

A resonance frequency peak is very sharp (a width of a few hundred Hz) due to the high
quality factor of the cavity. At the same time, the resonant frequency is very sensitive to
the cavity geometry, and a small change in helium pressure (e.g. caused by vibrations)
already changes the resonance frequency. In order to dynamically adjust the frequency
of the rf generator to the actual resonance frequency of the cavity, a phase-locked loop
(PLL) is used. The sampling of the transmitted power and the reflected power are fed into
an rf mixer, which generates a voltage proportional to the phase difference between two
signals. The output of the mixer is used to determine the frequency of the rf generator.
A phase shift is introduced into one of the input signals to the mixer so that the mixer
generates zero voltage when the cavity is operating on resonance [41].

The driving signal is controlled by a function generator via a PIN-diode, which allows
modulation of the rf signal by an arbitrary function. For the vertical test, a rectangular-
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shape pulse is used.

When driving the cavity exactly on resonance, the reflection coefficient, Γ, is:

Γ =
β − 1

β + 1
. (1.46)

As
Pref = Γ2Pfor, (1.47)

the coupling strength β can be found by measuring Pref and Pfor in steady state:

β =
1±

√
Pref/Pfor

1∓
√
Pref/Pfor

, (1.48)

where the upper sign is used for β > 1 (overcoupled), and the lower sign is used for β < 1
(undercoupled) [41].

The decay time, τL, is obtained by measuring the exponential fall of the stored energy
immediately after the input power is switched off [41].

Q0 can be obtained as
Q0 = ω0τL(1 + β). (1.49)

The accelerating field, Eacc, can be obtained as

Eacc =

2β
1+β

√
Rsh
Q
ω0τLPfor

L
, (1.50)

where Rsh is the shunt impedance with Rsh
Q

= 1030 Ω for a 9-cell XFEL cavity and L
the active cavity length which is 1035 mm. Measurements and calculations have to be
repeated for every point of the Q0 vs. Eacc plot.

The measurement of τL gives the most precise value of Q0. However, for the steady-state
vertical test, in which the cavity de-tuning due to the Lorentz forces can be neglected,
the simpler measurements can be done.

Calibration of the Output Probe

At low field levels, before any non-ohmic loss mechanisms are significant (at accelerating
fields below 5 MV/m), the transmitted power, Ptrans, is measured to calibrate the output
probe. The calibration constant, kt, is determined from

kt =
Eacc√
Ptrans

. (1.51)

Here the value Eacc is obtained using (1.50). As kt is fixed during the experiment, the
accelerating electric field can be found as

Eacc = kt
√
Ptrans. (1.52)
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The dissipated power, Pdiss, is calculated as

Pdiss =
4βPfor

(1 + β)2
− Ptrans. (1.53)

In addition, a so-called pseudo-R
Q
′ is calculated as

R

Q
′ = (EaccL)2

PdissQ0

− Ptrans. (1.54)

Measurements

After the calibration point, the values are defined as follows:

1. The accelerating field, Eacc, of the point measured is calculated from the transmitted
power, Ptrans, and the calibration constant, kt.

2. The coupling strength β, is calculated from the forward power, Pfor, and the re-
flected power, Pref as in (1.48).

3. The dissipated power, Pdiss, is calculated as in (1.53).

4. The quality factor, Q0, is determined from the accelerating field, the dissipated
power and pseudo-R

Q
′ as

Q0 =
E2
acc

R
Q
′Pdiss

. (1.55)

The rf test described above is called a vertical test. The vertical test differs from a
horizontal test by using the input coupler with a high quality factor (so-called high-Q
antenna). This allows a relatively low-power (below 500 W) solid-state rf amplifier to be
used instead of a high-power (above 1 MW) klystron in the horizontal test.

1.6.2 Temperature Mapping

If a thermal breakdown occurs, it leads to a local heating of the inner cavity surface that
is dissipated to the outer surface. For a spatial investigation of thermal breakdowns, a
temperature mapping (T-map) system was developed at KEK [111]. It consists of small
heat-sensitive resistors attached to the cavity surface. The resistors change their resistance
when the temperature rises and this signal can be temporarily and spatially resolved. The
spatial resolution of a T-map system is given by the size and spacing of the resistors and
is typically in the order of 1 cm (see Fig.1.22).

Such a system was used for quench detection and is described in Chapter 3. The assembly
of the T-map system is time consuming and is usually done after a quench occurred in a
previous RF test. To overcome this and increase the efficiency in detecting the origin of
a quench, another method was developed.
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Figure 1.22: Temperature map of a 1.5 GHz single-cell cavity. A SEM picture of the
surface taken at the quench site is shown at the right [112].

1.6.3 Second Sound

The aim of the second-sound method is to reduce the time-consuming process to detect
a quench origin with T-map. This method was developed in 2008 at Cornell University
[113, 114]. It is based on an effect in superfluid helium, the so-called second sound,
predicted and described in the early 1940s [115, 116, 117, 118].

This method is described in Chapter 3.

1.6.4 Optical Surface Inspection

Another possibility to investigate the RF performance and understand the origin of ther-
mal breakdown is to inspect the inner surface of the cavity, especially at the equator
welding seams and the surrounding area. For the 1.3 GHz 9-cell cavities of the TESLA-
type, a camera system has been developed in a collaboration of KEK and University of
Kyoto [119].

Figure 1.23: Schematic diagram of the cavity inspection system. The cavity encapsulates
the camera cylinder by moving longitudinally. The inner cavity surface reflected in an
imaging mirror is observed. The mirror is located in front of the camera [119].

This optical inspection tool has been further improved at DESY to meet industrial stan-
dards during the XFEL fabrication [120][121]. As a result, the robotic system called
OBACHT is in use at DESY and over 100 XFEL cavities have been inspected during the
XFEL production. An example for a picture taken with the OBACHT system at DESY
is shown in Fig.1.24.
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Figure 1.24: Picture of the inner surface of cavity CAV00524 at the equator welding seam
(center). A sputter-like defect is located close to the seam. The surface is not etched.

The robot, the images taken and image processing are described in detail in [50].

1.6.5 Replica

To gain information about the 3D topography of surface features or defects, a replica
technique [122] is applied additionally on some defects, especially if an unambiguous
interpretation of defects could not be performed based on the OBACHT images.

A two-component self-solidifying silicone material Tecnhosil NT manufactured by Bredent
Medical GmbH is used to form a replica of the inner surface of the cavity. This allows a
high-resolution measurement of the surface topology using an optical microscope without
destroying the cavity. The dimensions of the area covered by the replica are typically
35 mm× 60 mm or less. The footprint is subsequently investigated with a microscope or
profilometer (see Fig.1.25). The resolution of the replica was checked by a comparison of
profiles obtained during the scanning of a replica and the profile of a direct scan of the
niobium surface. For the replicas of the cavity surface, the precision of the reproducibility
of the surface topography was found to be ≈ 0.1 µm.

Almost all defects leading to accelerating gradient below 20 MV/m have been identified
by an optical inspection tool. Earlier detection of failures significantly reduces the rep-
etition of treatment and cryogenic tests of the cavities. Such systems as OBACHT and
replica contribute greatly to understanding and improvement of the EXFEL fabrication
[123].
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Figure 1.25: Surface erosion with a foreign inclusion (marked by red square) in cavity
CAV00811 observed by OBACHT (a) and additionally visualized by laser microscopy on
surface-replica (b) [123].

1.6.6 Defect Treatment

It has been found that in several cases the quench location corresponds to a defect found
on the cavity surface which thus limits the accelerating field. These defects appear due
to welding irregularities or treatment non-conformities [123, 94]. In order to minimize
the effect of defects as trigger for quenches, a worldwide effort is ongoing to find repair
methods for such spots.

One approach is repairing only the defect area by smoothing the defective area. One
possibility for such a process, introduced in [122], is grinding the surface locally at the
suspicious position, followed by EP. Such a technique was successfully used for several
cavities during the XFEL production [124].
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1.7 Cavity Coordinate System

The coordinate system [125] used in this thesis for the TESLA-type cavities is shown
in Fig.1.26. In Chapter 3, a modified coordinate system is used for quench maps (see
Section 3.3.6). For ease of reading in some plots, the z-coordinate has been replaced by
a cell number and a mark for the equator positions. The coordinates are transformed as
z = 115.4× (x− 1)mm, where x is the cell number.

Figure 1.26: A cavity coordinate system: a) - rφ-plane of cavity with indication of φ
angles, φ = 0° defined perpendicular to input coupler flange. The z coordinate is pointing
into the cavity. b) - rz-plane of cavity with the naming scheme of equators and irises.
The origin of the the z-axis is situated at the first equator [125].
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Chapter 2

Centrifugal Barrel Polishing of Nb
1.3 GHz Cavities

2.1 Introduction

The manufacture of niobium superconducting radio frequency (SRF) cavities incorporates
forming steps that cause mechanical damage of approximately 120 µm into the interior
surface of the cavities. Also the cavities are electron-beam welded, which produces weld
beads on the interior surface of the cavity. Both are detrimental to cavity performance
[126].

Electropolishing (EP) is presently the preferred route for preparing the final cavity interior
surface. A well-controlled EP process can produce a typical average roughness Ra of
approximately 0.1 µm for a 1 mm × 1 mm area [95, 127].

The widely used postforming preparation technique consists of [128]:

1. “Bulk” EP for removing a 110 – 150 µm layer from the internal surface of the cavity
in order to remove the mechanically stressed and deformed niobium.

2. 800 ◦C baking under defined vacuum conditions in order to relieve mechanical stress
in the material and remove the dissolved hydrogen emanating from EP.

3. Second “light” (or “final”) EP of 20 – 40 µm to clean and polish the surface after
baking. In some recipes this step is replaced by buffered chemical polishing (BCP)
(see Section 1.5.3) as it is simpler.

The “bulk” EP removal step appears to be less important for the final properties, where
EP, BCP, and mechanical abrasive techniques can each be used to obtain good results
[129]. The temperature of the electrolyte in the “light” EP is kept lower than “bulk”
EP to achieve more homogeneous removal of niobium. Also, a very precise control of the
current and acid flow is required in order to produce a high-quality surface.

Currently, EP is a main-line surface preparation technique in the cavity production in-
dustry. However, it has several drawbacks:

1. The electrolyte is toxic, containing 90% by volume of concentrated sulfuric acid

39



Chapter 2. Centrifugal Barrel Polishing of Nb 1.3 GHz Cavities

(96% ) and 10% of concentrated hydrofluoric acid (48%) [97]. It requires special
facilities and extensive training, as even skin contact is lethal [130]. Spent acid must
be disposed of as a hazardous substance.

2. Sulphur byproducts can form and deposit on the surface, potentially limiting cavity
performance [131].

3. The complexity of the EP process can make it difficult to control fluorine ion diffu-
sion [132].

Additionally, one more drawback of EP was revealed during XFEL production: the in-
ability of etching to remove prior aluminium contamination of the niobium surface [124].
If an aluminum tool contacts the inner cavity surface, a small aluminum flake remains on
the surface and protects it from etching during the EP. As a result, a protrusion is formed
(see Fig.2.1). The aluminium particle can still persist at the top of such a defect. In that
case a normal-conducting aluminium particle will cause Joule heating and a quench of
the cavity. Even if the aluminium is removed by treatment, the geometry of such a defect
leads to field enhancement and to a low quench field or a high field emission.

Figure 2.1: The laser image (top) and the surface profile (bottom) of a defect in cavity
CAV00756 created by the material contamination following EP [94]. The red line indicates
the sectioning plane for the profile.

However, electropolishing produced excellent performance in European XFEL cavities: a
“bulk” EP process was done for every XFEL cavity (over 800 cavities), and a “final” EP
was done for half of them. As a result, EP is the established processing baseline for the
International Linear Collider (ILC) [133].

A further critical cavity-production step is electron-beam welding. If the welding param-
eters are out of tolerance a niobium sputter can occur (see Fig.2.2). Such a sputter has
the same influence on the cavity performance as the defect described before.

The mechanical polishing process by means of tumbling or centrifugal barrel polishing
(CBP) can be used instead of EP to remove the damaged layer as it is not sensitive to
material inclusions. At the same time it can effectively remove protrusions and reduce
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Figure 2.2: Niobium sputters caused by the electron-beam welding process before (a, b)
and after (c) the EP [134, 135, 136].

the contour of the weld bead. However, a number of peculiarities of this process should
be considered when applied to niobium cavities. In order to understand the procedure of
CBP, some basic knowledge of mechanical polishing is required. The theory of abrasive
machining will be discussed in detail in the following section.
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2.2 Theory of Abrasive Machining

Abrasive machining is a machining process where material is removed from a workpiece
using a multitude of small abrasive particles [137]. Typically, an abrasive is a hard
material in the form of small particles bounded by irregularly shaped surfaces that meet
at sharp edges and points (see Fig. 2.3). Most abrasive materials are first produced as
comparatively large crystals. These crystals are crushed to produce small fragments that
are graded into groups by effective diameters [138].

Figure 2.3: Typical particle of 220-grade silicon carbide abrasive. (a) SEM image. (b)
Sketch illustrating the manner in which this particle would be mounted in a practical
abrasive device; the small arrow indicates the portion of the particle that would interact
with the surface of a workpiece [138].

In abrasive wear, the shape of the abrasive, the hardness, the load and the shear strength
at the contact interface are the main parameters which control the wear state. The
abrasive wear rate is proportional to the hardness of the material and the load [139].

During the machining process an abrasive point indents into a workpiece surface and then
translates across it. According to [138, 140], the depth of penetration into the work piece
at the contact points of an abrasive grain is only a small percentage of its size, with the
maximum value of around 5%. The grain sweeps through a certain volume of workpiece,
but only a portion of the undeformed material is removed by a grain. The remaining
plastically deformed material piles up at the sides of the grain as shown in Fig 2.4 and is
removed by successive grains [141].

The abrasive wear mechanism was analysed based on in situ experiments in the scanning
electron microscope by K.Hokkirigawa and K.Kato in [139] and [142]. Abrasive wear was
divided into three wear modes: cutting, wedge forming and ploughing (see Fig.2.5). The
main parameter that defines the wear mode is the shape of the abrading tip. T.Mulhearn
et al. [143, 144, 145] represented this shape by an attack angle (see Fig.2.6) and proposed
the critical attack angle where the cutting started. A similar approach was used micro-
scopically by M.Murray, P.Mutton and J.Watson [146], and the distribution of the attack
angles in practical abrasive materials was considered (see Fig.2.7) [139].
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Figure 2.4: Plastic pile-up due to ploughing by an abrasive particle [141]. The original
surface is shown by the dashed line.

Figure 2.5: Wear modes observed by SEM [142]: (a1),(a2) Shearing, (b1),(b2) Cutting,
(c1),(c2) Wedge forming.

In the cutting mode, as the abrading tip is translated across the workpiece, a ribbon-like
wear chip is formed (see Fig. 2.8). Cutting starts if the attack angle of the grain is above
the critical attack angle for the workpiece material [143]. Below the critical angle, wedge
forming or ploughing is predominant (see Fig.2.7) [147].

In the wedge-forming mode of abrasive wear, a wedge is formed in front of the abrading
tip at the initial stage of sliding and remains there in the following sliding process without
growth (see Fig. 2.9). Wear rate is determined by the size of the wedge and is compar-
atively small [142]. The micro-mechanism of the wedge forming mode was observed in
[147, 148, 142, 149].

In ploughing mode, no loose wear debris is formed and only a groove or furrow with small
ridges on both sides remains (see Fig. 2.10). The same ridges are also formed in cutting-
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Figure 2.6: Schematic image illustrating an attack angle [138]. The arrows indicate the
direction of movement of the tool.

Figure 2.7: Frequency distribution of the attack angle of the contacting abrasive particles
in practical abrasive materials [143].

Figure 2.8: SEM image showing the cutting of unlubricated brass by steel pin [139].

and wedge-forming modes. Thus, in those modes, small-scale ploughing may also occur
[139].
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Figure 2.9: SEM image observed of wedge formation by a steel pin against unlubricated
stainless steel [139].

Figure 2.10: SEM image observed of ploughing and ridge formation by a steel pin against
unlubricated brass [139].

According to L.Samuels [138], abrasive machining processes can be divided into two cat-
egories based on the type of interaction between the abrasive particle and the workpiece:
two-body abrasion and three-body abrasion.

Two-body abrasion occurs in systems where the abrasive grits are held fixed within a
matrix (bonded abrasive processes). The working surface consists of a two-dimensional
array of grit points, some of which are positioned so that they can come into contact with
a workpiece surface. They produce a system of grooves in the workpiece surface that are
orders of magnitude longer than their width. The shapes of these contacting points vary
considerably, and it is to be expected that they can operate in all wear modes: cutting,
wedge-forming and ploughing [138].

In three-body abrasion, the abrasive particle is loose and there is no structure connect-
ing the grains. Since the grains can move independently, they must be forced into the
workpiece with another object (used as a lap). The abrasive particle rolls between the
workpiece and the lap. A corner of the particle digs into the workpiece, the particle tum-
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bles onto an edge, and then another corner contacts the workpiece, and so on. A track
of angular indentations is produced in the surface. In three-body abrasion, no material
removal occurs as a cutting mode. When a corner of the particle digs into the surface,
ridges are formed at the sides of the indentations. Some of these ridges can be removed
by the subsequent particles. The type of surface finish is illustrated in Fig. 2.11(a) and
(b).

Figure 2.11: Types of surface finish produced during the three-body abrasion [138].

In the bonded abrasive process the bonding matrix or the abrasive grain itself can be
fractured due to high local force. In this case the loose particle behaves according to the
regime of three-body abrasion. On the other hand, when in three-body abrasion process
softer, more plastic materials are used for the lap, some of the abrasive grit is forced into
the lap surface. The embedded grits behave according to two-body abrasion and produce
elongated scratch grooves. If all or most of the grits are embedded in the lap, a surface
comprised entirely of scratch grooves is produced. The result is a mixed surface finish of
indentations and grooves, such as that illustrated in Fig. 2.11(c) and (d) [138].

In mechanical processing and metallography the two-body abrasion processes are de-
scribed as grinding while the three-body abrasion processes are described as polish-
ing.

Several parameters determining the material removal rate can be affected by the presence
of certain fluids at the working interface. As chemistry-free polishing is described, no
chemically active components are considered. The normally used grinding fluids have no
lubricating effect regarding the actual cutting process taking place between the abrasive
grain and the workpiece material, creating chips [138]. The fluid has a strong cooling
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effect and removes the abrasion debris away from the working surface. If the debris is not
removed, the grinding surface becomes clogged, creating deformation in the workpiece
surface and influencing the removal rate and the surface quality. The abrasion debris
together with the polishing fluid and the small abrasive particles of the polishing medium
form a mixture called a slurry. In CBP, the slurry remains inside the cavity until the
polishing process is finished.
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2.3 Centrifugal Barrel Polishing

Niobium, a high-melting-point refractory metal, is soft and ductile and therefore it is
hard to achieve a high-quality surface even by traditional mechanical polishing of small
samples used in metallography. This type of polishing is realized in a way that allows
precise control of its parameters: the type and quantity of abrasive, the force pressing
the abrasive to the polished surface, the rotation speed and duration of polishing steps.
The treatment recipe in combination with chemical-mechanical polishing is prescribed for
niobium [140]. In the CBP, the choice of the polishing parameters is rather limited. The
force pressing the abrasive to the polished surface is controlled by the mass of polishing
media and the rotation speed of the barrels. The amount of abrasive media cannot
be too small since it should be distributed homogeneously inside the cavity in order to
provide reasonable polishing efficiency. The barrel rotation speed should not be too low
otherwise the polishing media would drop after each rotation period but, on the other
hand, cannot be too high in order to prevent the cavity being damaged by centrifugal
forces. Thus, the low polishing efficiency (comparing to the metallography technique)
has to be compensated for by the increased duration of the polishing (up to 72 h per
step in the extended CBP recipe by FNAL [129]). The size of the polishing media grains
determines the surface roughness obtained at various stages of polishing. In traditional
mechanical polishing, in order to obtain a good result, the size of the polishing medium
grains must be reduced by a factor of three at each polishing step [140]. However, this
would make the polishing process much longer and rather expensive, since the smaller
the size of the grains of the polishing medium the more expensive it is. Moreover, there
is a risk that a particle with a larger size than expected could be accidentally trapped
within the polishing media, which would cause scratches that could only be removed
by returning to a previous polishing step. Finally, the most crucial point is that any
mechanical polishing process, no matter whether CBP or traditional, is mechanical, i.e.
even the finest abrasive will create a deformed layer [140]. The presence of damage is
revealed if etching is applied, since the deformed material is etched preferentially.

2.3.1 The CBP Machine

The CBP machine (see fig.2.12) was purchased by the University of Hamburg and is used
in the ILC-HiGrade Lab at Deutsches Elektronen-Synchrotron (DESY) within a common
R&D program [150]. The machine is custom built for this purpose by Mass Finishing
Inc. and its design is based on the work done at KEK and Fermilab [151, 126]. The
machine has two barrels for mounting cavities, so it can be used to polish up to two
single-cell or two 9-cell 1.3 GHz SRF cavities at a time. If only one cavity is processed,
the second barrel must be equipped with a counterweight to balance the machine. During
the polishing process the cavity, approximately 50 % filled with a polishing media and
mounted on the barrel, rotates around the central shaft of the machine at up to 120 rpm.
The gear ratio between the main drive and the barrel rotation point is 1:2 but the barrel
rotates in the opposite direction. The rotation speed of the main drive determines the
centrifugal force acting between the polishing media and the cavity walls. At the same
time the rotation of the barrel lets the polishing media move across the cavity surface and
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polish it. Since the polishing is performed with the cavity axis horizontal, counter rotation
evenly distributes any effect of gravity and increases the viscous shear of the slurry along
the cavity surface, which was found to improve the polishing action [129]. As the gear
ratio of the main drive to barrel is fixed, the main-drive rotation speed is the only variable
parameter. The centripetal acceleration ac and the speed of the cavity surface relative to
the polishing media vs for different main shaft rotation speed are shown in fig.2.13.

Figure 2.12: CBP machine in ILC-HiGrade lab [152] (a) and a schematic drawing of the
CBP machine (b).

Figure 2.13: Centripetal acceleration ac (solid lines) and the surface-to-media velocity vs
(dashed lines) for different rotation speed of the main shaft

Different polishing media and variation of the rotation speed are used to achieve an
optimum polishing result.

2.3.2 Mechanical Polishing Procedure

The optimal amount of polishing media and water, as well as the rotation speed, were
studied by T. Higuchi in [153]. Different types of polishing media used in CBP are
described in [153, 129]. The baseline polishing procedure was based on the CBP recipe
described by C. Cooper [129].
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To perform the polishing, a naked (i.e. without helium vessel) cavity is mounted in
a special mounting frame. This frame holds the cavity during all steps: preparation,
polishing and cleaning. The frame was designed to prevent deformation of the cavity
while rotating in the CBP machine. Approximately 50 % of the cavity volume is filled by
the polishing medium and water and closed by the end-caps. The surfactant (soap) is used
to prevent coagulation and reduce the water surface tension [140]. Special components
were designed to protect the input and output couplers and higher-order-mode antennas
from the polishing medium. The end-caps and other components are made from the same
type of niobium as the cavities to avoid additional pollution of the cavity by material
of the protective parts. The cavity is mounted on the barrel of the CBP machine and
undergoes the centrifugal polishing for several hours. After polishing, the media are
removed from the cavity and the cavity is cleaned by ultrasonic cleaning in ultra-pure
water with 1 % by volume of the cleaning concentrate (Tickopur R33 manufactured by
BANDELIN electronic GmbH & Co. KG). Then the cavity is rinsed by ultra-pure water.
After the cavity is dried, it undergoes a variety of diagnostics to determine the polishing
effect on the cavity inner surface and geometry.
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2.4 Coupon Cavity

Since there are limited possibilities to study the inner cavity surface without cutting
the cavity, a special coupon cavity was produced by KEK. It is based on a standard
TESLA shape single-cell cavity (see Fig.2.14) with 6 ports for coupons (small Nb samples)
installed: a pair per equator, cell and tube regions.

Figure 2.14: Schematic image of the coupon cavity (left), with the positions of the coupons
indicated by the red circles; a photograph of the coupon cavity installed in the frame
(right). The coupon holders are shown.

The coupon represents a round cutout from a standard XFEL Nb sheet: the diameter is
8 mm and the thickness is 2.8 mm (see Fig.2.15). A blind hole is used to determine the
removal rate. The coupon is installed in the cavity port to expose the surface to the CBP
media during the polishing procedure. Initially two O-rings were used to seal the gap
between the coupon and the cavity: one in the groove at the coupon’s side and the second
between the coupon and the coupon mounting plate. During the polishing experiments
it was found that the O-ring around the coupon does not play any role in preventing
the polishing media from permeating into the gap between the coupon and the cavity
wall. Therefore, only the back O-ring was used in the following experiments and modified
coupons were produced without a side groove.

Figure 2.15: Image of the Nb coupon used for the CBP experiments. A blind hole is used
to determine the removal rate.

For polishing, the coupon cavity is mounted into the universal CBP frame which can be
used for polishing and rinsing of single-cell and 9-cell cavities.
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The coupons allowed the three main characteristics of the CBP to be studied: the removal
rate on each polishing step, the surface topology and the elemental contamination.
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2.5 Polishing Media

There are many different types of media that can be used in the CBP process. These
media have a vast number of different shapes, sizes and compositions, and are used in an
industrial polishing technique called tumble finishing (tumbling). In tumbling, parts to
be polished are loaded into a barrel filled by the polishing medium, water and surfactant.
During rotation (or vibration in case of vibratory tumbling) of the barrel, the outer surface
of the parts is polishing by relative movement of the parts and the abrasive particles. This
process is quite different from CBP applied to SRF cavities, in which the media are held
within the part being polished. This difference coupled with the specific mechanical
properties of niobium mean that industry has no relevant experience with this problem
and can offer little help in media selection. The choice of media is the most important
step in achieving the desired final properties of the niobium surface [154].

The CBP in this investigation was performed in 4 steps with different mixtures of pol-
ishing media as derived from the best Fermi National Accelerator Laboratory (FNAL),
Thomas Jefferson National Accelerator Facility (TJNAF), and previous DESY experience
[129, 155, 156]. The polishing media used during the experiments are presented in Table
2.1.

Table 2.1: The polishing media used for different CBP steps.

Step Media Title Characteristic Size Duration

#1 Duramedia™Angle Cut Triangles (ACT) 10 mm 8 hours
#2 VF-RG™22° cones 14 mm 15 hours
#3 Aluminium oxide (alumina) mesh#600 21 µm 30 hours
#4 Colloidal silica 0.04 µm 40 nm 40 hours

To identify possible sources of contamination, Energy-dispersive X-Ray Spectroscopy
(EDX) study of the used materials was done using SEM. In this work, two SEM were
used: Nova Nano SEM 450 manufactured by FEI Company with X-Max 150 EDX man-
ufactured by Oxford Instruments and PSEM 500 manufactured by Philips with XFlash
5010 EDX manufactured by Bruker Corporation. The EDX spectra taken with this equip-
ment provide maps of the distribution of elements in the particle media. The polishing
media and the additional components (e.g. surfactant) used for each polishing step are
described below.

2.5.1 Step#1

The ceramic material Duramedia™Angle Cut Triangles (ACT) manufactured by Wash-
ington Mills Ceramics Corporation (USA) were used as the polishing media at the first
polishing step. The polishing elements in the media have the form of oblique triangular
prisms with sharp edges. All edges have nearly equal length of ≈ 10 mm. The bulk density
of the media (the mass of many particles divided by the total volume) is ≈ 1.4 g/cm3,
while the density of a single polishing element is ≈ 2.4 g/cm3.
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The mineral composition provided by the manufacturer is presented in Table 2.2. The
medium is not soluble in water.

Table 2.2: Step#1: medium element composition

Element content, wt%

Mg(AlSiO4)2 64 - 100
Al2O3 0 - 36
TiO2 0 - 4

The SEM image and the EDX elemental analysis is shown in Fig.2.16. The medium was
crushed to perform the analysis. The mapping results (Fig. 2.16 (left)) show that the
ceramic material used at Step#1 mainly consists of a compound of silicon and oxygen,
and has ≈ 200 µm inclusions of a compound of aluminium and oxygen (most probably
aluminum oxide). Thus, if the media particles break up during the polishing process, the
debris can represent either silicon/oxygen or aluminium/oxygen compounds. Also, small
amounts of sodium (Na), potassium (K), titanium (Ti) and sulfur (S) were detected. In
Fig.2.16 (right) a single abrasive grain is shown.

Figure 2.16: A fragment of the polishing medium used at Step#1. The element mapping
(left) and a secondary-electron image (right). The magnification is different in the two
figures.

It was experimentally observed that the media becomes worn during the polishing process:
the prisms become smaller and the edges become smoother (see Fig.2.17).

In order to compare the abrasive efficiency of the fresh and the used polishing media, the
media that was used at Step#1 was used again. As the duration of the Step#1 is 8 h,
the media after 8 h and after 16 h polishing process was used to perform a full Step#1
polishing. Studies of the removal rate with coupons (see Section 2.6) indicate no difference
in the average removal rate between the fresh medium and the medium used for 8 h and
16 h. However, the ability to smooth out the protrusion of the equator welding seam was
not compared.
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Figure 2.17: Polishing medium for Step#1: unused(a) and used during 8 hours (b), during
16 hours (c) and during 24 hours (d).

During Step#1, the temperature of the cavity external surface was measured to increase
by up to ≈ 45 ◦C. This can be explained by friction during the cutting process. No
increase of the cavity temperature was detected during the subsequent polishing steps.
This data is in good agreement with the theory: as will be shown in Section 2.6, Step#1
has the highest removal rate of cavity material.

The slurry at the end of this polishing step has the form of a suspension and has a density
nearly equal to that of water.

Surfactant

A surfactant is usually added into the polishing media mixture in order to prevent coagu-
lation of the polishing slurry and to reduce the water surface tension. In the present study
the commercially available Mass Finishing TS Compound™by Lubrication Technologies
(USA) was used. The composition of ingredients is provided in Table 2.3

Table 2.3: Composition of TS Compound (water solution) [157]

Component content, wt%

Lauramide diethanolamine (DEA) 3-10
Sodium Xylene Sulfonate 1.0-3.0
N,N-Diethanolamine 1.0-3.0
Alcohols, C9-11, Ethoxylated 0.1-1.0
Triethanolamine 0.1-1.0
Tetrasodium Ethylenediaminetetraacetic Acid 0.1-1.0

The surfactant is mixed with water to have a 1 % by volume solution. Such a solution
has a pH of 7.5-8.5. The surfactant is applied at Steps #1, #2 and #3, while at Step#4
a ready-made polishing-media solution is used.

2.5.2 Step#2

The VF-RG™plastic media manufactured by Vibra Finish Company (USA) is used for
polishing at Step#2. The polishing elements have the form of cones with a base diameter
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of ≈ 13 mm, height of ≈ 17 mm and the half-apex angle of ≈ 22°. The bulk density of the
media is ≈ 1.1 g/cm3 and the density of a single cone is ≈ 1.6 g/cm3.

The element composition provided by the manufacturer is presented in Table 2.4. The
medium is not soluble in water.

Table 2.4: Step#2: medium element composition

Element content, wt%

SiO2 sand > 30
Filled polymer < 70

A SEM image of the abrasive grain of the polishing media used is shown in Fig.2.18. The
medium mainly consists of carbon (C), silicon (Si) and oxygen (O). Molybdenum (Mo)
and sodium (Na) were also detected. Comparing with the medium used at Step#1, no
substructures of different element composition were observed within a polishing medium
particle.

Figure 2.18: SEM image of the polishing medium used at Step#2. An abrasive grain is
shown. The medium was crushed.

Plastic cones after 15 h and 30 h of polishing are shown in Fig.2.19. As was seen in
Step#1, no difference in the average removal rate between the new and the used medium
was revealed by study of the coupons.

After this polishing step, the slurry has the form of a foam. If the slurry is left at rest,
some particles sediment and form a dense precipitate. If the cavity with the polishing
media and the slurry is left at rest for several hours, the slurry can cement around the
polishing cones and form a dense sediment on the surface of the cavity. This sediment
can be disintegrated by a water jet (high pressure is not needed) or by ultrasonic rinsing.
After rinsing, no specific contamination or fluctuations in surface topology were observed
in the areas of the sediment formation compared to the rest of the surface.
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Figure 2.19: Polishing media for Step#2: unused (a) and used during 15 hours (b), during
30 hours (c) and during 45 hours (d).

2.5.3 Step#3

The abrasive powder White Fused Alumina (WA) manufactured by Fujimi Incorparated
(Japan) was used for polishing at Step#3. The size of the particles (grain size) is defined
by the sieve size (Mesh value) [158]. Powder of Mesh #600 is used. As there are several
scales of sieve size, the particle-size distribution is specified by the vendor (see Table
2.5).

The WA was produced by crushing fused alumina into a powder and then sorting the par-
ticles into a uniform size. The WA material has an α-type corundum crystal configuration
[159].

Table 2.5: Step#3: particles-size distribution for mesh #600

size, µm

Maximum size ≤ 53.0
Size at 3% point ≤ 43.0
Size at 50% point 21.1± 1.5
Size at 94% point ≥ 13.0

The mineral composition provided by the manufacturer is presented in Table 2.6.

Table 2.6: Step#3: media element composition

Element content, wt%

Al2O3 > 99.00
Na2O3 < 0.50
SiO2 < 0.30
Fe2O3 < 0.10

The grain shape and the EDX elemental analysis are shown in Fig.2.20. During the EDX
analysis only aluminium and oxygen were detected.
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Figure 2.20: SEM image of the alumina mesh used at Step#3.

Wooden Blocks

As the size of the abrasive particles is small, they encounter a drag force while moving in
water used in the medium and are suspended during CBP. In addition, due to their low
weight, these particles cannot produce enough specific pressure to obtain a satisfactory
removal rate. Therefore, cubic hardwood blocks manufactured by Raytech (USA) are
used to push the abrasive particles against the cavity surface during Step#3 and Step#4.
According to C. Cooper, the wood blocks were found to be superior to other fibrous
organic and inorganic media [129]. The wooden blocks have nearly cubic shape and a size
of ≈ 5 mm. The bulk density of dry blocks is ≈ 0.64 g/cm3.

The wood blocks were soaked in water for 12 h before use. As all the pores in the wood
are filled, the soaked blocks become heavier than water, thus they are able to push the
abrasive particles against the cavity surface during the polishing. Here it should be noted
that wood expands when soaked in water. If the unsoaked blocks are used for CBP, they
enlarge after a while inside the cavity and occlude the endtubes. C. Cooper [129] proposed
to soak the wooden blocks in a prepared polishing mixture (alumina/water for Step#3
or colloidal silica for Step#4). However, experiments showed no difference in the removal
rate or surface roughness if the wooden blocks were soaked in water separately and then
added to the polishing mixture.

2.5.4 Step#4

A ready-made polishing media COMPOL-50™manufactured by Fujimi Incorparated
(Japan) is used at Step#4. It combines a colloidal silica slurry with special organic
amines, specifically designed for high-removal-rate polishing.

The media has a pH of 10.2. The specific gravity (the ratio of the density of a substance
to the density of water at 4 ◦C) is 1.30. The average particle size is 40 nm (see Fig.2.21).
An EDX elemental analysis showed presence of silicon, oxygen, sodium and carbon in the
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Table 2.7: Step#4 media element composition

Element content, wt%

SiO2 40
organic amines not provided

dried medium. Use of colloidal silica in the final polishing step results in a mirror-smooth
surface.

Figure 2.21: SEM image of the silica used at Step#4. A dried solution is shown.

Analysis of the polishing media structure and its elemental composition allows the source
of impurities and inclusions found after CBP at the internal cavity surface to be deter-
mined. For example, the source of silica inclusions is Step#2 while the possible sources
of alumina are Step#1 and/or Step#3.
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2.6 Removal Rate Study

The removal rate is the most important CBP parameter as it determines the duration of
processing and therefore the costs and perspectives of usage in mass production. Since
the different media are used at different polishing steps, the removal rate for these steps
varies.

The removal of material increases linearly with the increase in the specific pressure be-
tween the surface and the abrasive. This means that a certain force is needed to obtain
a satisfactory removal rate. However, too high a specific pressure might cause stronger
deformation of the surface [140]. The grinding force should correspond to the specific
pressure 30 - 100 kPa depending on the material to be ground [138, 140].

In this work, several methods were used to determine the removal rate. Before the
coupon cavity was produced, two low-performance 9-cell TESLA shape cavities were used
for CBP: Z84 and Z110. Only nondestructive methods were used for their character-
isation: ultrasonic thickness measurements, weight measurements and a “replica” (see
Section 1.6.5) of the inner surface.

2.6.1 Ultrasonic Thickness Measurements

Ultrasonic measurements of the cavity wall thickness were performed before and after
the polishing of 9-cell cavities. The ultrasonic test system USLT 2000 manufactured by
Krautkramer was used. The precision of a single measurement is 10 µm. A large number of
points was measured over the whole cavity surface (over 200 points) to give good accuracy
on the average. The measurements were performed at the Equator (on both sides of the
welding seam) and the Cell region. The iris is covered by a stiffening ring and is therefore
not measurable by this technique. In Table 2.8 the average removal rate is shown for a
rotation speed of the main shaft of 110/min.

2.6.2 Weight Measurements

A clean and dry cavity with the accessories (couplers and protective caps) removed is
weighed before and after polishing. As the area of the cavity inner surface Acavity is
known (≈ 0.9 m2) [160] it is possible to calculate the average change of the wall thickness
〈dremoved〉 as

〈dremoved〉 =
mbefore −mafter

ρNbAcavity
. (2.1)

Here mbefore and mafter are the mass of the cavity before and after the polishing respec-
tively and ρNb is the density of niobium, 8.57 g/cm3, so that the change of the mass of
the cavity is 7.7 g per 1 µm of Nb removed. The cavity was weighed with an uncertainty
of 10 g. Thus, the estimation of the average removal has a precision of ≈ 1.3 µm. The
results for 9-cell cavities are shown in Table 2.8. The change of the weight of the cavity
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Z110 during 4 h polishing (Step#1) was (190± 5) g which corresponds to a removal rate
of (6.17± 0.16) µm/h, while the change of weight for cavity Z84 after 16 h of polishing
was (590± 5) g, which gives a polishing rate of (4.79± 0.04) µm/h. After Step#4, the
change of weight was not detectable with the equipment used (below 10 g).

Table 2.8: Removal rates in µm/h.

Step#
Ultrasonic Weighning Coupon

Z84 Z110 Z84 Z110 Equator Tube

1 4.89± 3.51 3.96± 4.04 4.79± 0.04 6.17± 0.16 9.0± 0.5 3.1± 0.5
2 - - 1.82± 0.04 1.39± 0.04 2.6± 0.3 1.0± 0.3
3 - - 0.10± 0.02 0.22± 0.02 0.65± 0.15 0.15± 0.15
4 - - 0.00 – 0.032 1 0.00 – 0.032 1 0.00 – 0.075 1 0.00 – 0.075 1

2.6.3 Coupon Measurements

The coupon cavity allows the most precise direct measurements of the Nb surface to be
performed. For the removal rate measurements, a blind hole with diameter of 0.8 mm and
depth of 0.5 – 1 mm was produced on the coupon surface. The coupon was scanned by a
3D laser profilometer before and after the polishing. The depth of the hole is 0.5 – 0.8 mm,
while the typical thickness of the layer removed during the full CBP procedure (4 steps) is
≈ 120 µm. Thus, the bottom of the hole remains unpolished and is used as a baseline for
the comparison of the profiles (see Fig.2.22). The precise measurements of the coupons
from the different cavity regions (tube, cell, equator) gave the removal rates for these
regions (see Table 2.8).

Figure 2.22: Surface profiles after different CBP steps for the tube (left) and the equator
(right) coupons. Height is counted from the bottom of the hole.

2.6.4 Welding-Seam Profiles by Replica

The welding seam is the most critical region of the inner cavity surface:
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1. It is located in the region of the highest surface magnetic field.

2. It is a region where the structure of the material has been modified due to melt-
ing. Contamination during the welding may cause a change in the superconducting
properties of the niobium or formation of a normal-conducting region of the foreign
material (inclusion).

3. It is a region of developed peaks and troughs, which is liable to lead to an enhance-
ment of the electric field which can lead to low cavity performance.

Therefore, the evolution of the welding-seam profile is an essential figure of merit for the
CBP process. As the welding seam is a local protrusion, its removal rate is expected to
be greater than the removal rate of the “plane” material of the cell.

A systematic investigation of the evolution of the welding seam has been carried out
using the procedure described in Section 1.6.5. A two-component self-solidifying silicone
material was used to form a replica of the inner surface of the cavity.

For the 9-cell cavity Z110, three replicas (cell 1, 5, 9) of the equator welding seam were
produced after each polishing step. In Fig.2.23, the evolution of the welding-seam profile
for Equator#1 after each polishing step is shown.

Figure 2.23: Welding seam profiles of cavity Z110 (Equator#1, 0°) after different polishing
steps.

It should be noted here that Step#2 was repeated twice. The first application of Step#2
polishing (CBP#2 in Fig.2.23) reduced the height of the welding seam from 130 µm to
70 µm during 15 h (4.0 µm/h). After that the second Step#2 polishing (CBP#2.2 in the
figure) reduced the height of the welding seam from 70 µm to 20 µm during 19 h (2.6 µm/h).
Thus, the removal rate of the welding-seam protrusion depends on its height and decreases
as the welding seam becomes smoother. This removal is an addition to the removal rate
of the surface around the welding seam.
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2.6.5 Discussions on the Removal Rate

The removal rate during polishing is proportional to the specific pressure [138]. As the
media with the largest grains and the highest density (i.e. with the highest specific
pressure at the cavity surface) is used for Step#1 (see Section 2.5), this polishing step has
the highest removal rate: 9 µm/h for the equator region. The removal rate of Step#4 is
hardly detectable as this step mainly polishes the surface relief without significant removal
of the bulk material.

It can be seen that the removal rate for the tube (iris) region is significantly lower than
for the equator region. This effect can be explained by the geometry of the cavity. A
schematic drawing of the cavity section is shown in Fig.2.24. The cavity, 50 % filled with a

Figure 2.24: Schematic drawing of the cavity section. The moment arm (R) and radiuses
of iris (ri), tube (rt) and equator (re) are shown in scale.

polishing medium, rotates around the central shaft, O, of the CBP machine. The moment
arm of the CBP machine, R, is 420 mm, the equator radius, re, is 103 mm and the tube
radius, rt, is 39 mm. The ratio, σe/t, of the removal rates in the equator and the tube
region is given by

σe/t =
Pe
Pt
. (2.2)

Here Pe and Pt are the maximum pressure of the polishing medium at the surface in the
equator and tube region respectively. These values can be derived as follows.

Pressure, dp, caused by the unit volume, dV , of the polishing medium per unit are, dA,
at the distance r from the main shaft can be calculated as:

dp =
a(r)ρdV

dA
= a(r)ρdr. (2.3)

Here ρ is density of the medium and a(r) is a centripetal acceleration along the axis r
which can be derived from the angular frequency of the main shaft, ω, as:

a(r) = ω2r. (2.4)

Combining:
dp = ρω2rdr. (2.5)
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The maximum pressure of the polishing medium in the equator region is given by

Pe =

∫ Re

R

ρω2rdr = ρω2

∫ Re

R

rdr. (2.6)

Here Re = R + re.

Pe = ρω2R
2
e −R2

2
. (2.7)

The same holds for the pressure in the tube region:

Pt = ρω2R
2
t −R2

2
, (2.8)

with Rt = R + rt. The ratio σe/t:

σe/t =
Pe
Pt

=
R2
e −R2

R2
t −R2

=
(Re −R)(Re +R)

(Rt −R)(Rt +R)
=
re(re + 2R)

rt(rt + 2R)
. (2.9)

If re � R and rt � R:

σe/t ≈
re
rt
. (2.10)

The calculated value of the ratio σe/t is 2.83. The practically obtained value for the
Step#1 polishing is 2.9± 0.6 and for Step#2 is 2.6± 1.1 (see Table 2.8). The measured
values are in a good agreement with the values calculated based on the cavity geometry. It
should be noted that for the calculations it was assumed that exactly 50 % of the volume
of the cavity was filled by the polishing medium.
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2.7 Surface Study

A contamination problem on the barrel polished surface was reported by T.Higuchi in
[153]. Contamination spots of about 4 µm size were found and successfully eliminated by
a 10 µm chemical polishing.

A.Palczewski in [161] performed a systematic analysis of the surface contamination after
CBP using a single-crystal Nb coupon. After each step, particles of the polishing media
used were found embedded in the surface. Ultrasonic cleaning in de-ionised water with and
without detergent was unable to remove embedded media. Experiments with conventional
high-pressure rinsing (HPR) showed HPR was unable to remove the embedded media from
any step except some fraction of the colloidal silica used for the final polishing step.

2.7.1 Coupon Investigation with SEM and EDX

Every coupon was investigated by means of SEM and EDX after each step of the polishing
procedure.

The surface roughness of Nb coupons over an area of 270 µm×270 µm after each CBP step
was measured with a 3D laser-scanning microscope with the highest possible resolution.
To describe the surface the following amplitude parameters were used [162]:

1. Maximum profile peak height, Rp, in a sampling length (see Fig.2.25).

2. Maximum profile valley depth, Rv, in a sampling length.

3. Maximum height of the roughness profile, Rz. This expresses the sum of the maxi-
mum value of profile peak height and the maximum value of profile valley depth in
a sampling length:

Rz = Rp +Rv. (2.11)

4. Arithmetical mean deviation of the roughness profile, Ra:

Ra =
1

n

n∑
i=1

|yi|, (2.12)

where n is a number of measured points and yi is a height value (over the mean
line) for the measured point.

Step#1

The SEM images of the coupon surface after Step#1 polishing are shown in Fig.2.26. As
can be seen, there is no big difference in the surface morphology for the different cavity
areas. The surface of the coupon looks similar to the surface shown in Fig.2.11.

The values of the surface roughness after Step#1 are given in Table 2.9.

After Step#1, the maximum height of the profile, Rz, is ≈ 13 µm. An optical inspection
is not effective due to the low reflectivity of the surface.
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Figure 2.25: Schematic drawing of the surface profile. A maximum peak height, Rp, a
maximum valley depth, Rv, and an arithmetic average of absolute values, Ra, are shown.

Figure 2.26: SEM images of the Nb coupon surface after Step#1 for the tube (a), cell (b)
and equator (c) regions. An embedded particle is visible in the image (a).

Table 2.9: Surface roughness after Step#1, µm

Rp Rv Rz Ra

Tube 3.92± 0.45 8.26± 2.62 12.19± 1.27 0.83± 0.12
Cell 5.99± 1.52 7.74± 0.10 13.74± 1.62 1.11± 0.04
Equator 6.47± 1.83 6.71± 0.43 13.18± 2.29 0.99± 0.12

Embedded particles of size up to 40 µm were observed during the coupon investigation.
Such a particle is shown in Fig.2.27. The EDX element analysis revealed the composi-
tion of such inclusions. A large number of particles contain aluminum and oxygen (most
probably in the state of Al2O3). Based on the polishing media analysis in Section 2.5.1,
the polishing media used during Step#1 can be established as the source of such inclu-
sions.

Step#2

The SEM images of the coupon surface after Step#2 polishing are shown in Fig.2.28.
The values of the surface roughness are given in Table 2.10. The difference in morphology
for the different regions of the cavity appears at this polishing step. The surface in the
equator region can be seen to have lower roughness (see Fig.2.28c).

Neither particles of the polishing media for Step#1 nor particles for Step#2 were detected
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Figure 2.27: SEM (left) and EDX mapping (right) images of the embedded particle after
Step#1.

Figure 2.28: SEM images of the Nb coupon surface after Step#2 for the tube (a), cell (b)
and equator (c) regions.

Table 2.10: Surface roughness after Step#2, µm

Rp Rv Rz Ra

Tube 2.21± 0.27 2.72± 0.73 4.92± 0.49 0.25± 0.02
Cell 1.76± 0.21 2.18± 0.02 3.92± 0.20 0.21± 0.01
Equator 1.78± 0.02 2.65± 0.32 4.44± 0.30 0.22± 0.01

after this polishing step. This means the particles embedded during Step#1 are removed
during Step#2.

Step#3

The SEM images of the coupon surface after Step#3 polishing are shown in Fig.2.29. The
values of the surface roughness are given in Table 2.11.

As shown in Fig.2.29, the large number of dielectric particles (seen as bright spots in SEM
images due to accumulation of electric charge by a dielectric material) are embedded in the
coupon surface. A detailed analysis of such a particle is shown in Fig.2.30. The particles
have a size of 5 – 10 µm and consist of aluminium and oxygen (most probably Al2O3).
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They are embedded deep in the niobium. Possible sources are Step#1 and Step#3, as the
Step#2 polishing media does not contain alumina (see Section 2.5). As was shown above,
after Step#2 no embedded particles remained in the surface (the particles associated with
Step#1 were removed). Therefore, only the polishing media of Step#3 itself can be the
source of the foreign particles.

Figure 2.29: SEM images of the Nb coupon surface after Step#3 for the tube (a), cell (b)
and equator (c) regions. The embedded particles are visible.

Table 2.11: Surface roughness after Step#3, µm

Rp Rv Rz Ra

Tube 2.63± 0.28 3.18± 0.37 5.82± 0.46 0.27± 0.01
Cell 2.65± 1.19 2.64± 0.46 5.28± 1.65 0.25± 0.01
Equator 2.02± 0.35 3.04± 0.04 5.08± 0.38 0.25± 0.05

Figure 2.30: SEM (left) and EDX mapping (right) images of the embedded particle after
Step#3.

Step#4

The optical DIC image of the coupon surface after Step#4 is shown in Fig.2.31. Grains of
the fine-grain niobium material used are revealed. The surface of the coupon has mirror-
like quality. The values of the surface roughness are given in Table 2.12. However, local
scratches are still present.

68



2.7. Surface Study

Figure 2.31: DIC optical image of the mirror-polished coupon surface after Step#4. The
grains of the Nb are visible.

The SEM images of the coupon surface after Step#4 polishing is shown in Fig.2.32. There
is a significant difference between the surface morphology in the equator and cell/tube
regions. While the surface of the equator is mostly plane and smooth with some scratches
and small pits, the surface of the tube region is densely covered with pits containing
embedded particles.

Figure 2.32: SEM image of the coupon surface after Step#4 for the tube (a), cell (b) and
equator (c) regions.

The detailed analysis of the particles is shown in Fig.2.33. The particles consist of alu-
minium and oxygen (most probably Al2O3) and have the same dimensions as the embed-
ded particles after Step#3. As the polishing media for Step#4 consists of the 40 nm SiO2

particles, it is most likely that these particles were embedded during Step#3.

The valley depth, Rv, after Step#3 is ≈ 3 µm. The average depth of the removed layer
after 40 h polishing at Step#4 is ≈ 1.5 µm. Thus, the removal rate during Step#4 for
the tube and cell regions was insufficient to polish away the pits and scratches remaining
after Step#3.
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Table 2.12: Surface roughness after Step#4, µm

Rp Rv Rz Ra

Tube 0.83± 0.16 2.29± 0.76 2.75± 0.22 0.07± 0.03
Cell 0.64± 0.07 1.53± 0.79 2.18± 0.85 0.06± 0.02
Equator 0.74± 0.27 1.54± 0.84 2.28± 1.12 0.11± 0.05

Figure 2.33: SEM (left) and EDX mapping (right) images of the embedded particles after
Step#4.

2.7.2 Modifying the Polishing Procedure to Avoid Scratches at
the Final Step

Even in the “well polished” equator region, long straight scratches were observed (see
Fig.2.34 (left)). Doubling the polishing time for Step#4 did not change the density of
the scratches. This leads to the conclusion that the scratches were not remnants of the
previous Step#3 but were produced during the final polishing. This can be explained as
follows.

As shown above, particles of the polishing media at Steps#1-3 are embedded in the
surface. Some of those particles remain after the ultrasonic cleaning. During the following
polishing step they are released from the surface by the force of the polishing media and
participate in the polishing process. This phenomenon becomes critical after Step#3 as
the size of polishing media particles for Step#4 (40 nm) is much lower than the size of
the embedded particles (5 – 10 µm) from the previous step. These particles are the origin
of the scratches observed after the final polishing step.

Increasing the duration of Step#4 polishing showed no effect in removing the scratches
as they are produced during the same step by the released Step#3 abrasive particles. To
get rid of these released particles, a polishing-media renewal procedure was developed.
In fact the final Step#4 was divided into two parts: residual media removal and the
final polishing itself. The first run is used to release all the embedded abrasive particles
remaining after Step#3. As the polishing media for the final Step#4 consists of two types
of material, the colloidal silica as a polishing medium and the wooden blocks as a filler
medium, the cleaning step can be done by using only the filler with water. Thus, after
completion of Step#3, the cavity was prepared for Step#4 (ultrasonic cleaning). It was
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subsequently filled with soaked wooden blocks and water and underwent tumbling for
20 h. The cavity was then ultrasonic cleaned again and filled with the standard Step#4
polishing medium and the standard polishing process was performed for 20 h. The SEM
images of the surface after the initial 40 h Step#4 procedure and after the modified one
(20 h of cleaning and 20 h polishing) are shown in Fig.2.34.

Figure 2.34: SEM image of the surface after the final polishing: using the standard
procedure without media renewal (left) and using the modified procedure with media
renewal (right).

The density of the scratches remaining after the new Step#4 polishing greatly reduced.
Thus, if a mirror-like surface is required, it is necessary to renew the polishing medium
to get rid of the released abrasive particles.
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2.8 Undersurface Structure Study

2.8.1 Damaged Layer

A mechanical polishing process induces complex systems of plastic deformation in the
material. An inevitable consequence is that a layer plastically deformed during polishing
is left in the new surface that is produced. The strain in this layer is very large at the
surface and decreases nearly exponentially with depth [140]. When a chip is separated
from the surface, the shear strains are concentrated in the so-called shear zone in front of
the grain (see Fig.2.35). A region adjacent to this zone and extending into the specimen
in advance of the tool is also plastically deformed though to a lesser degree. L.Samuels in
[138] splits up the undersurface layer into two levels of deformation: the shear-band layer
at the surface that has been subjected to large strains, and the deformed layer beneath
the shear-band layer (see Fig.2.36). The shear-band layer typically extends preferentially
beneath individual polishing scratches for approximately twice the depth of the scratch
with which it is associated. In the deformed layer, the material has been strained by
simple compression, and the magnitude of the strains decreases with depth until a level
is reached where the material is only elastically strained. This elastic-plastic boundary
defines the lower limit of the deformed layer. This value is the most important one as the
level of the finished surface should always be beyond this limit [140].

According to [138], the linear speed of the abrasive has no effect on the depth of defor-
mation within the range of speeds normally encountered in polishing practice. A major
parameter determining the depths of both scratches and deformation is the force applied
to individual contacting abrasive points.

Figure 2.35: Section of a chip cut in a 30% Zn brass by a tool with a highly negative rake
angle [138].

In the ideal situation the whole damaged layer is removed by the polishing media. How-
ever, study using metallography techniques shows no way to have an undamaged crystal
surface by CBP alone (i.e. without chemical finishing) with reasonable processing time
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Figure 2.36: Diagrammatic illustration (sketch at top) of the isostrain boundaries for the
deformed layer and an approximate estimate of the strain gradient in this deformed layer.
[138].

and number of polishing steps [138]. For good rf performance, an undamaged crystal
surface should be exposed to the rf field, so that the whole mechanically damaged layer
should be removed. This can be done by means of a chemical etching procedure, EP or
BCP, as is well established for SRF cavity production. Thus, the thickness of the damaged
layer defines the amount of chemistry required as a final preparation technique. Studies
of the damaged layer were performed to understand the relation between the thickness of
the layer and the CBP parameters.

2.8.2 Damaged Layer Observation

Strong evidence for a mechanically deformed surface layer was observed during the surface
study of the coupons. The outer edge of the coupon after the polishing had a protruding
structure called a “fin” (see Fig.2.38). A similar “fin” was observed on the edge of the
hole produced for the removal rate measurements (see Fig.2.37).

To investigate this effect a special metallographic technique was used to produce a cross
section of the coupon [138]. These cross sections allowed a detailed investigation of the
damaged layer to be made.

2.8.3 Coupon Cross Sections

Since many important macroscopic properties of metallic materials are highly sensitive to
the microstructure, the damaged layer at the coupon surface caused by CBP after various
CBP steps was systematically explored using a metallography technique. Metallographic
preparation of the sample surface includes mounting the coupon into epoxy (CaldoFix-2
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Figure 2.37: Shearing effect on different coupons: optical (left) and SEM (right, [152])
images of the holes. The hole edge was round before the polishing (red dotted line). The
arrows indicate the polishing direction.

resin manufactured by Struers) with subsequent sectioning, grinding and polishing me-
chanically and chemically, thus allowing the observation of the internal structure at the
coupon cross-section plane (the normal to the CBP-treated coupon-surface plane is un-
veiled) via optical microscopy. Analyzing the near-surface area of the coupons, the depth
of plastic deformations (deformed crystal grains) caused by CBP was estimated.

Figure 2.38: Coupon cross section: a “fin” on the edge indicates the deformation of the
external Nb layer.

2.8.4 Investigation of the Damaged Layer After Each CBP
Step

Investigation of the damaged layer after each step was performed for the first two polishing
steps for the following reasons:

1. The media for Step#1 and Step#2 have higher bulk density than for the final steps,
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so that the expected damaged layer thickness is the highest.

2. The removal rates for Step#1 and Step#2 are the highest.

3. Step#1 and Step#2 are the main candidates for a single-step CBP procedure i.e.
when only one CBP step followed by chemical etching is used for surface polishing.

Step#1

The depth of significant plastic deformation after the first CBP step varies from 15 µm
for the end-tube region of the cavity to 30 µm for the equator area. The local plastic
deformation observed reaches a depth of 25 µm for the tube region and 70 µm for the
equator region. The examples of the near-surface region of the CBP-treated coupons
from the Tube, Cell and Equator areas are shown in Fig.2.39. A section of the surface of
the initial unpolished coupon is presented for comparison.

Figure 2.39: Optical images of the coupon cross sections after CBP#1 for the different
cavity regions. A cross section of the unpolished coupon is shown for comparison.

Step#2

After Step#2 polishing (following Step#1), no deformed grain boundaries were observed
(see Fig.2.40). All the severe damage produced during Step#1 was removed. In addition
a separate study of only Step#2 polishing was performed. It showed that a single Step#2
on its own does not leave any plastic deformation after CBP that could be determined by
the metallography technique used.

2.8.5 Investigation of Damaged Layer Thickness vs Rotation
Speed

Additional CBP experiments were performed with a lower rotation speed of the barrel in
order to reduce the depth of the surface-damage layer. The rotation speed of the main
shaft was decreased from 100 rpm to 70 rpm. The removal rate at Step#1 decreased by a
factor of three (see Table 2.13). The depth of the significant deformation in the equator
region of the cavity decreased by up to 50%.
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Figure 2.40: Optical images of the coupon cross sections after CBP#2 for the different
cavity regions.

Table 2.13: Thickness of the damaged layer after Step#1 for different rotation speed, µm

Region
Severe damage Maximum local damage

100 rpm 70 rpm 100 rpm 70 rpm

Tube 10 – 15 8 – 10 25 15
Cell 20 – 25 10 – 15 60 30

Equator 25 – 30 10 – 15 70 55

2.8.6 Summary

A large plastically deformed layer at the Nb surface is present after CBP Step#1. Its depth
varies over the cavity regions and is maximum at the equator region due to higher specific
pressure in this region (see Section 2.6.5). The thickness of the plastically deformed layer
can be decreased by reducing the rotation speed (i.e. specific pressure) of the barrels
during the CBP process. However, this carries with it a reduction of the abrasion rate,
as it is proportional to specific pressure.

The layer of significant deformation is removed by Step#2. The combination of the
rotation speed and the density of the polishing medium used in Step#2 is optimal to
produce a surface without significant deformation.

If only Step#1 polishing is used for the cavity surface preparation, it should be followed
by chemical polishing with at least 70 µm depth. Such a procedure reduces the advantage
of the CBP as a replacement for bulk chemical polishing.

On the other hand, Step#2 polishing can be used as the single polishing step in a single-
step CBP. In this case the duration of the polishing step should be increased (≈ 3 times)
to compensate for a lower removal rate of Step#2 comparing to Step#1. Using Step#1
followed by Step#2 in the industrial production would not be optimal due to doubling of
the cleaning, preparation and control procedures required.
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2.9 Hydrogen Contamination

T.Higuchi et al in [153] observed strong Q-disease (see Section 1.4.4) on barrel-polished
cavities after chemical treatment but prior to annealing.

Detailed study of hydrogen contamination during CBP and during the following chemical
etching was done by T.Higuchi and K.Saito in order to develop hydrogen-free CBP in
[163]. Hydrogen concentration in the Nb samples were measured after CBP with different
fluids to reveal the hydrogen source (see Table 2.14). It was shown that the fluid used
during the polishing process is the source of the hydrogen contamination of the Nb. As a
result, the mixture FC-77 (manufactured by 3M Co.) was proposed to be used to produce
hydrogen-free CBP.

Table 2.14: Hydrogen concentration in the sample after various CBP [163]

Liquid used in CBP H concentration, wt ppm Comments

Water and detergent 78.0± 2.9 Standard composition
Water 79.1± 5.0 No detergent
No liquid 10.9± 0.8 Solid media only
Propanol 49.4± 2.2 No water
FC-77 (C8F8, C8F16O) 4.6± 0.8 No hydrogen
10% hydrogen peroxide 28.4± 1.4 Oxydation effect

However, after the subsequent EP a strong Q-disease occurred. As no Q-disease was ob-
served when only EP was applied to the cavity, the surface defects made by centrifugal
polishing were suspected to be the cause of hydrogen absorption during EP. The hydro-
gen concentration increased as the EP duration increased. Therefore, it is important to
minimize the thickness of the damaged layer produced by CBP.

A different result was achieved with BCP. After chemical-free centrifugal polishing, the
cavity was etched by BCP. No hydrogen was observed after removing more than 20 µm
of surface material. Similarly the vertical test showed no Q0 degradation. T.Higuchi
and K.Saito found that nitric acid (which is a component of the BCP mixture) is the
key component to prevent hydrogen loading during chemical etching by oxidation of the
surface layer. This idea was further developed in a modification of the standard EP
mixture by adding 1500 ppm nitric acid. This modified mixture was used for so-called
pre-EP to remove only a layer of a couple of microns with the embedded abrasives in order
to prevent contamination of the EP system. The following 50 µm EP was done with the
standard mixture; the vertical tests of the cavity showed no degradation of the quality
factor [163].

Here it should be noted that hydrogen peroxide has the same effect of oxidation of the
surface layer. It prevents hydrogen loading if used instead of water in the polishing media
(see Table 2.14). However, CBP with the hydrogen peroxide media requires special safety
equipment as it is accompanied by hydrogen liberation.
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2.9.1 Niobium Hydrides Observation

The formation of niobium hydrides responsible for the Q-disease (see Section 1.4.4) was
explored using the CBP-treated Nb coupons. It is possible to study the hydrides due to
the surface-relief features which are caused by an irreversible plastic deformation during
the formation of the niobium-hydride crystals at low temperature.

A Nb coupon after the full CBP procedure (4 steps, mirror-smooth surface) was cooled
down in vacuum to ≈ 10 K by using COOLPOWER™12/45 cold head with COOL-
PAK™4000 compressor unit manufactured by Leybold Vakuum GmbH.After the cooling
system was switched off, it was left to warm up naturally. The temperature change is
shown in Fig.2.41.

Figure 2.41: Temperature (solid blue line) and pressure (dotted red line) during the
cooling experiment.

Before and after the cooling, the coupon was inspected by a 3D laser-scanning micro-
scope in a differential interference contrast (DIC) mode. The DIC images of the surface
are shown in Fig.2.42. After the cooling, areas of irregular deformation were found at the
surface. These areas could be identified as “footprints” left after niobium hydride forma-
tion. The topographic features of the “footprints” reach 250 nm in height and 20 – 40 µm
in-plane. A scratch defect of the niobium surface can be seen in both images. The location
of the footprints along the scratch is in good agreement with theory as the hydrides are
expected to precipitate preferentially near the surface defects [80, 82].

2.9.2 Summary

Using of the high-temperature (800 ◦C) annealing procedure is the most effective way to
get rid of hydrogen. As this is in any case a standard part of the process in industrial
cavity production, it is unnecessary to use e.g. FC-77 liquid instead of water in CBP
process.
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Figure 2.42: Laser images of the same region of the coupon surface before (left) and after
(right) the cooling. A scratch defect of the niobium surface is visible (circled in the left
image). In the right image the footprints of the niobium hydrides are visible.
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2.10 Polishing of the 9-cell Cavities

As mentioned in Section 2.6, two standard niobium 1.3 GHz TESLA shape 9-cell cavities
were used to study the CBP procedure.

The polishing stages of cavities Z110 and Z84 are shown in Table 2.15 and Table 2.16
respectively.

Table 2.15: Cavity Z110 polishing stages

# Name Process Time, h

1 CBP#1 Step#1 8
2 CBP#2 Step#2 15
3 CBP#1.2 Step#1 4
4 CBP#2.2 Step#2 15
5 CBP#3 Step#3 (Mesh#800) 30
6 CBP#4 Step#4 46

Table 2.16: Cavity Z84 polishing stages

# Name Process Time, h

1 CBP#1 Step#1 8
2 CBP#1.2 Step#1 8
3 CBP#2 Step#2 15
4 CBP#3 Step#3 (Mesh#600) 40
5 CBP#4 Step#4 40

As surface quality is not the only factor that affects the performance of a cavity, a set of
parameters was defined to check the influence of the polishing procedure.

2.10.1 Critical Cavity Parameters Affected by CBP

A cavity-tuning machine developed at DESY [164] was used for measurements of cavity
geometry (length, eccentricity) and field profile.

The following critical cavity parameters were measured before and after each polishing
step:

Length

The length was measured by means of the tuning machine. The uncertainty of the mea-
surements is 0.5 mm. The measured values for both cavities are shown in Table 2.17.

The measurements showed no change of the cavity length beyond the measurement un-
certainty.

80



2.10. Polishing of the 9-cell Cavities

Table 2.17: Cavity length after CBP, mm

# Initial 1 2 3 4 5 6

Z110 1060.36 1060.19 1060.14 1060.04 1060.25 1060.00 1060.09
Z84 1064.29 1064.87 1064.73 1064.74 1064.75 1064.81

Weight

A cavity was weighed to determine the total amount of material removed. The results
were described in Section 2.6. This procedure gives an average value for the thickness of
niobium removed with an uncertainty of 1.3 µm.

Eccentricity

In an ideal case, the center of each cell in a multicell cavity is located on the axis of the
cavity. In practice, these centers have an offset from the cavity axis called an eccentric-
ity. Thus, the eccentricity parameterises a cavity’s straightness. The mechanical contact
sensors of the tuning machine measure the eccentricity for every cell. The maximum de-
viation should not exceed 0.4 mm for the equators and 0.5 mm for the ends of both beam
tubes [164].

The first experiments on polishing a 9-cell cavity (Z110) showed an increase of the eccen-
tricity - the bending of the cavity during the polishing. The center of Cell#6 was offset
from the cavity axis by up to 1.5 mm. The results of the measurements of the eccentricity
of cavity Z110 are shown in Fig.2.43.

Figure 2.43: Eccentricity of cavity Z110 after different CBP steps. The projections of the
radial displacement of the cells centres onto the plane z = 0 (left) and onto the plane
90°–270° (right).

The same bending effect was observed after polishing of cavity Z84 (see Fig.2.44, CBP#1).
The middle part of the cavity was offset in the direction φ ≈ 180°. To find the reason, for
each subsequent polishing step the same cavity was installed in the CBP machine with
different orientation (rotated around the cavity axis by ≈ 180°). After CBP#1.2, the
cavity was bent in the direction φ ≈ 0°. This revealed the reason for the deformation: the
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Figure 2.44: Eccentricity of cavity Z84 after different CBP steps. The projections of the
radial displacement of the cells centres onto the plane z = 0 (left) and onto the plane
0°–180° (right).

frame was deformed on being fixed in the CBP machine. The frame centre was moved
out of axis by 3 mm. After modification of the frame fixation (see Section 2.10.2), the
profile of the cavity remained unchanged for any cavity orientation relative to the frame
and the axis of the CBP machine (see Fig.2.44, CBP#2, CBP#3 and CBP#4).

Resonant Frequencies

The frequencies of the 9 main modes of the cavity were measured in a warm condition after
the cavity temperature stabilisation (the cavity was left overnight in an air-conditioned
room with temperature of 20.0 ◦C). The shift of the π-mode frequency can be used to
calculate the cell volume change with high precision. The resonant frequency decreases by
10 kHz per 1 µm of material removed [164]. However, the change of the surface condition
also influences the resonant frequency. The measured values for cavity Z110 are shown
in Table 2.18 and for cavity Z84 in Table 2.19. The average change of the wall thickness,
∆d, was defined by the weight method described in Section 2.6.2. The uncertainty of ∆d
is ±0.65 µm. The frequency was measured by the vector network analyser (VNA) 8753B
manufactured by Hewlett Packard. The uncertainty of the π-mode frequency change,
∆fπ, is ±0.1 kHz

Table 2.18: Cavity Z110 wall thickness and π-mode frequency changes

Step ∆d, µm ∆fπ, kHz ∆fπ/∆d, kHz/µm

CBP#1 ≈ 37 2698 ≈ 72.9
CBP#2 ≈ 20 281 ≈ 14.1
CBP#1.2 24.7 671 27.2
CBP#2.2 20.8 213 10.2
CBP#3 6.5 84 12.9
CBP#4 0− 1.3 13 ≈ 10

Total ≈ 109 3960
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Table 2.19: Cavity Z84 wall thickness and π-mode frequency changes

Step ∆d, µm ∆fπ, kHz ∆fπ/∆d, kHz/µm

CBP#1 39.0 2741 70.3
CBP#1.2 37.7 824 21.9
CBP#2 27.3 312 11.4
CBP#3 3.9 105 26.9
CBP#4 0− 1.3 10 ≈ 10

Total 107.8 3992

The resonant frequency changes significantly after the first polishing step
(70 – 80 kHz/µm). The frequency change if the same step is repeated is much less
(21 – 27 kHz/µm). Thus, the initial strong change of the frequency cannot be explained
by only the amount of material removed. Both cavities were chemically polished prior to
the CBP. After Step#1 of the CBP the surface condition changes very substantially (see
Section 2.7). In addition, the protrusion of the welding seam was significantly reduced
(see Section 2.6.4).

Therefore, the removal rates implied by the frequency measurements for the different
surface conditions may differ significantly. As a result, this technique cannot be used to
control the amount of removed material without additional investigations.

Field Profile

A homogeneous peak-field distribution over the cavity cells is important for efficient cavity
operation. The electric-field amplitude in each cell in the cavity depends on its geome-
try. Inhomogeneous polishing of the different cells changes the distribution of the peak
field.

The distribution of field amplitudes is measured by the bead-pull technique using the
cavity-tuning machine [164]. A small metal needle (with diameter 1 mm and length
10 mm) is used as a field-perturbing object (a bead). The needle is fixed on a dielec-
tric string and can be moved along the cavity axis. To excite a resonance mode of the
cavity, it is connected to an rf source (VNA) by an antenna installed in the end-tube. An
antenna in the opposite end-tube is used as a pick-up.

In the TM010 modes, the magnetic field vanishes (| ~B| ≈ 0) and the electric field | ~E| peaks
at the cavity axis. The size of the bead is chosen in such a way that the electric field
is approximately uniform (| ~E| ≈ const) over its volume ∆V . Placing the bead at the
axis of the cell perturbs only the electric field and shows up as a change of the resonant
frequency of the cavity. The relative shift of the resonant frequency, δf , can be expressed
as [165]

δf ≈ − ε0
2U
| ~E|2∆V, (2.13)

where U is the total energy stored in the system and ε0 is the dielectric constant.
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By measuring the frequency shifts while perturbing each cell uniformly, the relative electric
field can be calculated as

E ≈
√
|δf |. (2.14)

During the measurements, the relative electric field is traced as a function of position z
along the axis of the cavity (see Fig.2.45). A characteristic of the cavity, known as “field
flatness” is calculated from the peak value of the electric field in each cell. It can be
represented by a single number (in percents) as the lowest relative peak field. According
to the XFEL specification, the field flatness after tuning of the cavity should be above
95 % [19].

Figure 2.45: A complete field profile of cavity Z84 after CBP#1.

The field flatness for cavity Z110 after different polishing steps is shown in Fig.2.46. Equal
polishing of all cells will keep the field profile unaltered, while significant changes of the
field distribution indicates inhomogeneous polishing. After the first polishing, the field
flatness dropped extremely (from 88.2 % to 60.1 % ). This effect revealed a problem with
the polishing medium distribution inside the cavity and resulted in the development of a
special loading tool (the procedure is described below in Section 2.10.2).

Wall thickness

The measurement of wall thickness was described in Section 2.6.1. The ultrasonic wall-
thickness measurements were performed during the first two polishing steps since be-
fore the experiments with the coupon cavity, this was the only possible non-destructive
method. The low precision of this method (an ultrasonic transceiver with a resolution of
10 µm was used) and well defined removal rates after the coupon study make this method
unnecessary for the polishing process control.
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Figure 2.46: Field profile of cavity Z110 after different CBP steps. The field flatness
dropped extremely after the first polishing.

Optical Inspection of the Inner Surface by OBACHT

A well established optical inspection procedure (see Section 1.6.4) was performed after
each polishing step. Optical images of the surface after each CBP step are shown in
Fig.2.47. The profiles of the equator welding seam after each polishing step are shown in
Section 2.6.4. It can be seen that the reflectivity of the surface increases (brightness of
the optical images increases) with decreasing surface roughness. The reflectivity of the
surface after each of the first three polishing steps (CBP#1-CBP#3) is not hight enough
to reveal any surface profile by means of optical inspection. After the final “mirror”-
polishing step (CBP#4), the protrusion of the welding seam can be observed. However,
optical inspection can be used after each step to find areas of unpolished depressions.
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Figure 2.47: OBACHT optical images of the same area of the equator region before
(Initial) and after each CBP step. Brightness of the light-source and exposure time of the
camera are the same for all images.
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2.10.2 Modifications of the Polishing Procedure

Frame fixation

As shown in Section 2.10.1, the first experiments showed that the cavity was bending
during CBP. After experiments with cavity Z84 (see Fig.2.44) the reason was found. The
steel frame was deformed on being fixed in the CBP machine as bottom of the barrel was
not flat. The frame center was moved out of axis by 3 mm when the frame was pushed
against the bottom of the barrel by fixtures. After removal from the CBP machine the
frame restored its shape due to the elasticity of the steel. This obscured the reason for the
cavity bending after the first CBP experiments. The frame fixation was modified [166]
to compensate for the barrel bottom not being flat. Subsequent experiments with cavity
Z84 showed that the bending problem had been resolved (see Fig.2.44).

Polishing-Medium Loading Procedure

As described in Section 2.10.1, the first polishing experiment with a 9-cell cavity (Z110)
showed a critical drop of the field flatness (from 88 % to 60 %, see Fig.2.46). This implied
the nonuniform removal of material from the cavity walls.

Initially, the medium was loaded while the cavity was positioned vertical. After the
positioning of the cavity horizontally, the media was distributed nonhomogeneously. Ad-
ditional experiments showed that it was impossible to produce a homogenous distribution
of the medium even after turning the cavity over and shaking it. Therefore the media-
filling procedure was modified and a special loading tool was developed by U. Cornett and
G. Falley [166] (see Fig.2.48) . It consists of a plastic loading tube with a piston inside
and a conical filler for the polishing medium. When the cavity is positioned horizontally,
the loading tool moves in the direction of the cavity axis to chose the cell to be filled with
the medium. A defined amount of the solid medium is loaded in to the tube via the filler
and then is delivered into the cell by the piston.

Figure 2.48: Schematic image of the media-loading tool.

Subsequent experiments with cavity Z84 showed that the field profile was preserved after
subsequent polishing steps (see Fig.2.49).
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Figure 2.49: Field profile of cavity Z84 after different CBP steps. The cavity was filled
by the medium-loading tool.

Change of the Polishing Medium

A study of the surface after Step#3 showed the presence of large scratches. These
scratches were produced during Step#2 and were not removed completely by Step#3. A
layer of 4 – 7 µm of niobium is removed in average during Step#3 (see Section 2.6). When
the Mesh#800 alumina is used, the size of the grains is not large enough to polish away
the scratches left after Step#2 after 30 h of polishing. According to the theory of abrasive
machining [138], the problem can be solved by increasing the polishing time, the size of
the abrasive grains or specific pressure. After a private conversation with C.Cooper [167]
the size of the grains for the medium in Step#3 was increased from Mesh#800 (particles
size 14.7 µm at 50% point) to Meash#600 (21.1 µm). With the new media the scratches
after Step#2 were removed completely with the same polishing time of 30 h.
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2.11 Conclusions

The CBP process has several advantages over bulk electropolishing:

1. CBP is not sensitive to contamination and foreign-material inclusions.

2. CBP effectively removes any protrusions such as Nb sputters after electron-beam
welding.

3. CBP smooths the welding seams - the most critical areas of the cavity inner surface.

4. CBP is a much more environment- and personnel-friendly technique as it does not
use any hazardous agent.

However, chemistry-free polishing as the only production step is not effective, as it still
leaves a microscopic damaged layer and reduces cavity performance comparing to standard
chemical treatment [168].

The removal rate of cavity material during each CBP step, as well as its influence on cavity
geometry were investigated. Surface morphology, contamination and surface roughness
were studied in detail for every polishing step. The mechanically damaged layer was
investigated as it defines the amount of chemistry required and the amount of hydrogen
absorbed. Its dependence of the polishing-media density and rotation speed of the CBP
machine were measured. The thickness of the plastically deformed layer can be decreased
by reducing the rotation speed of the barrels during the CBP process. However, this leads
to a reduction of the abrasion rate.

It was found that the surface quality after the final CBP step (Step#4) can be improved
by refreshing the polishing medium.

A large concentration of absorbed hydrogen was found in the Nb surface after the CBP
by observing niobium hydrides on the sample surface upon cooling to liquid-nitrogen
temperature. Absorbed hydrogen can be removed by high-temperature annealing. The
so-called hydrogen-free CBP process is not a cost-effective option since the annealing
process is a standard step in industrial cavity production.

The full four-step polishing procedure is also not cost-effective for serial cavity production.
As the cavity should be cleaned between the polishing steps, the cleaning and media-
loading procedure has to be repeated for each step which makes the full procedure staff
intensive. Thus, a single-step CBP procedure is the most likely candidate to replace the
bulk etching process. It was found that Step#2 polishing leaves the smallest damaged
layer while still having a reasonable removal rate. Therefore, the Step#2 polishing process
can be recommended as a single-step CBP process. The cavity requires to be slightly (e.g.
1 – 2 µm) etched after the CBP and before the baking to remove the embedded particles
from the inner cavity surface. The so-called “submerge chemistry” can be used, as it is
a part of the standard cavity production process [19]. A standard “light” EP process
removing 10 – 15 µm should be used as a final surface treatment.

While the CBP-treated cavities are not expected to show higher maximum accelerating
gradient, Eacc, they are expected to show statistically higher yield by eliminating most
reasons for poor cavity performance after industrial production.
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Chapter 3

Quench Localisation Using Second
Sound in Liquid Helium

Sudden heat deposits such as induced in a quench of a superconductor produce a second-
sound wave in the surrounding superfluid-helium bath. The second sound continues with-
out much attenuation over distances of several meters. The wave can be detected in os-
cillating superleak transducers which record the signal as a change in capacitance. Such
detectors have been used since a long time and more recently found applications in the
exploration of the performance of elliptical superconducting niobium cavities. The hard-
ware and algorithm described in this section significantly increased the precision of the
quench localisation and allowed the second-sound tests of a cavity equipped with a helium
vessel to be performed.

3.1 Second Sound in Superliquid Helium

Liquid helium (He I) makes the phase transition (to He II) after cooling down below the
critical temperature called the λ-point. This transition temperature depends on pressure
(see Fig.3.1). The lowest pressure of the transition (saturated vapour pressure) corre-
sponds to the triple-point at 2.1768 K and 5.048 kPa [169]. As during the cavity test the
temperature of the helium bath is controlled by the pressure, i.e. the working point is
moving along the vapour phase boundary, the λ-point used corresponds to the triple-point
temperature.

P. Kapitza discovered that He II has extremely small kinematic viscosity (order of
1× 10−9 m2/s) - superfluidity [115].

L. Landau, based on quantum hydrodynamics, concluded that two velocities of sound
must exist in He II [116]. At the same time L. Tisza, based on a phenomenological theory
of the various thermodynamic effects in helium, concluded that inhomogeneities of the
temperature in helium would propagate according to a wave equation rather than the
usual parabolic equation of heat conduction [118]. The existence of these temperature
waves has been experimentally demonstrated by L. Tisza [117] and V. Peshkov [170, 171],
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Figure 3.1: Helium-4 phase diagram [169]

who measured also their velocity of propagation as a function of temperature.

According to Landau’s two-fluid model [116], at temperatures below the λ-point, liquid
helium is not a single He II phase but a mixture of two phases: normal fluid He I and
superfluid He II. The fractions of those phases depend on temperature. The overall helium
density ρ can be represented as

ρ = ρn + ρs, (3.1)

with ρn as the density of the normal fluid helium and ρs as the density of the superfluid
helium. At 0 K, ρn/ρ = 0; the ratio increases as the temperature is raised. When the
temperature reaches the λ-point, ρn/ρ = 1, i.e. ρsλ = 0. The temperature dependence of
the phase fractions is shown in Fig.3.2.

Figure 3.2: Temperature dependencies of He I (green) and He II (blue) fractions, and the
velocity of the second sound (red) [169].

At every point the motion of helium is described by the velocities of two components - the
normal fluid component velocity vn and the superfluid vs. The total mass current density
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#»
j can be described as

#»
j = ρn

#»vn + ρs
#»vs. (3.2)

The conservation of mass leads to the continuity equation:

∂ρ

∂t
+∇(

#»
j ) = 0. (3.3)

To first approximation, the densities ρn and ρs can change only by means of the flow of
the components; the non-adiabatic transition from one component to the other is ignored.
Hence, separate equations of continuity are valid for the two components [118]:

∂ρn
∂t

+∇(ρn
#»vn) = 0, (3.4)

∂ρs
∂t

+∇(ρs
#»vs) = 0. (3.5)

For the two-fluid system, the equations of motion for small velocities can be linearized
[172] to obtain

ρn
∂vn
∂t

= −ρn
ρ
∇P + ρsS∇T + η∇2vn, (3.6)

ρs
∂vs
∂t

= −ρs
ρ
∇P − ρsS∇T, (3.7)

here, P is pressure, S entropy, T temperature, and η viscosity (assuming η = 0 for the
superfluid component). If the viscous term is omitted, then finally two wave equations
emerge:

∂2ρ

∂t2
= ∇2P, (3.8)

∂2S

∂t2
=
ρsS

2

ρn
∇2T. (3.9)

The phase velocity u1 for the first wave is

u21 ≈
∂P

∂ρ
, (3.10)

which is the usual expression for the speed of sound.

The phase velocity u2 for the second wave is [116, 172]

u22 ≈
TS2ρs
Cρn

∇2T, (3.11)
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where C is the heat capacity (this derivation is valid since the heat capacities at constant
pressure and constant volume are nearly equal in liquid helium [172]). This wave is
called “second sound”. This calculation is valid for temperatures above ≈ 1 K and below
the λ-point (2.17 K), as in this region the liquid helium is a mixture of two components
[117]. The measured temperature dependence of the second-sound velocity is shown in
Fig.3.2.

The first sound’s fluctuations in density are driven by changes in pressure, and both normal
fluid and superfluid components move in phase. The fluctuations in entropy of the second
sound are driven by changes in temperature; normal fluid and superfluid components
move out of phase, and the overall density remains constant to first order [172].

The excitation of the second sound via heat deposition into the liquid helium was pro-
posed by E. Lifshitz [173] and experimentally proved by V. Peshkov [171]. In this thesis,
it is used to localise the quench origin in superconducting cavities. The second-sound
wave originates from the fast heating of the outer cavity surface during the quench and
propagates through the helium bath. This wave can be detected by thermometry. Also
changes of the densities of the normal fluid and superfluid components and their moving
90° out of phase allows a detection method based on the separation of the phases to be
used.

The use of an electrostatic transducer to generate and detect the second-sound wave was
proposed by R. Sherlock [174]. Due to non-zero viscosity ηn, the normal-fluid component
cannot penetrate through the small pores of the membrane if the pore diameter is less
than the normal-fluid shear-wave penetration depth δ for a given angular frequency of the
helium (or diaphragm) oscillations ω .

δ =

(
2ηn
ρnω

) 1
2

. (3.12)

As the superfluid component of the liquid helium has almost zero viscosity, it can move
through such pores. Thus, in the second-sound wave the superfluid component will flow
through such a membrane (called a “superleak membrane”), while the flow of the normal-
fluid component will be stopped. The overall helium density ρ (see 3.1) behind the mem-
brane will oscillate, causing a pressure oscillation. If an elastic membrane is used, it will
move due to pressure changes. Using a microphone in conjunction with such membranes
allows the second sound to be detected as changes of the electrical capacitance.
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3.2 Hardware

A reliable and precise detection of the second-sound wave is the most important part of
the second-sound test. Low noise and high temporal resolution of the signal are necessary
for accurate localisation of the quench origin.

3.2.1 Oscillating Superleak Second-Sound Transducers

Second-sound quench detection in superfluid liquid helium with oscillating superleak
transducers (OSTs) was applied at Cornell University as a fast and versatile method
for quench localization in SRF cavities [113].

For the second-sound detection system, the Cornell OST design was adopted and a cryo-
stat equipped with up to 18 OSTs is in use at DESY [175, 176]. The schematic section
of the OST is shown in Fig.3.3. A metallized membrane (1), which remains flexible at
liquid-helium temperatures, is clamped between the cap (2) and the body (3) to form
the moving plate of a parallel-plate condenser. The fixed plate is a bronze anode (4),
which is glued into the body by dielectric epoxy (Stycast™2850FT). The membrane acts
as a dielectric between the anode and the metal-coated surface of the membrane. A Sub
Miniature Version A (SMA) connector (5) is soldered by the central pin to the anode
electrode. The body of the socket is electrically connected to the body of the OST by a
washer and nut.

Figure 3.3: Schematic section of the OST. 1 - membrane, 2 - cap, 3 - body, 4 - anode,
5 - SMA connector

The diaphragm is made from 6 µm-thick track-etched polycarbonate membrane. Com-
mercially available Whatman Nuclepore™110606 membranes produced by General Elec-
tric Healthcare Companies are used. The membrane has pores of diameter 200 nm. The
surface of the diaphragm remote from the anode is made electrically conducting by the
sputtering of a layer of gold of mean thickness of 45 nm [176]. After the sputtering, the
diameter of the pores is around 125 nm and they occupy 3% of the surface area (see
Fig.3.4). According to [174], the thickness of gold is not critical, and other metals such
as aluminum have also been used successfully.
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Figure 3.4: SEM image of the OST membrane used in the DESY second-sound system
[177].

The OST can be described as a planar capacitor with the capacitance COST :

COST = εε0
S

d
. (3.13)

Here ε is the dielectric constant of a material between the anode and the metal layer
of the membrane, ε0 is the permittivity of free space (ε0 ≈ 8.85× 10−12 F/m), S is the
area of the anode, and d is the separation between the anode and the metal layer of the
membrane. The distance between the anode and the metal coating of the membrane can
be described as d = dHe + dm, where dHe is thickness of liquid layer between anode and
membrane, and dm is the thickness of the membrane. With the corresponding dielectric
constants εHe for helium and εm for the membrane material, Equation (3.13) takes the
form:

COST =
ε0S

dHe
εHe

+ dm
εm

. (3.14)

Thus, an increase in capacitance can be caused by decreasing the distance dHe between
the membrane and the anode, or by increasing the dielectric constant of the helium εHe
in this gap. The temperature dependence of the dielectric constant of liquid helium is
shown in Fig.3.5.

The capacitance of the OST can be estimated by assuming that the dielectric constant of
the membrane εm is ≈ 3 [178] and the thickness of the membrane is 6 µm. The distance
between the anode and the membrane can be estimated to be 25 µm [174]. The dielectric
constant of helium εHe is ≈ 1.057. For an anode diameter of 16 mm, the capacitance of
the OST with the voltage applied is ≈ 70 pF.

3.2.2 Amplifier

The second-sound wave can be detected in the OST as a change in its capacitance. In
practice, the biased OST is connected to an amplifier. The amplifier described below is
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Figure 3.5: Temperature dependence of the dielectric constant of liquid helium [169].

based on the schematic of T.Kuelper [179]. It was used in the previous DESY second-
sound testing system [180, 175, 176], and was modified for the current system.

The OST is biased with a voltage of 120V through the low-pass filter formed by R1 and
C1 (see Fig.3.6). With the values used, the cutoff frequency of ≈ 1.6 Hz removes the
voltage ripple.

Resistor R2 limits the current to keep the total charge QOST on the OST constant for
frequencies higher than the defined minimal frequency, fmin. R2 should satisfy the con-
dition:

R2� 1

2πfmin(COST + Cleads)
. (3.15)

Here Cleads is the capacitance of the cable between the OST and the amplifier. For the
DESY setup, Cleads ≈ 2 nF.

The voltage UOST on the OST is related to the capacitance COST as

UOST =
Q

COST
, (3.16)

here Q is a total charge stored in the OST. Combining with (3.14) and assuming the total
charge is constant:

dUOST ∝
d(dHe)

dεHe
. (3.17)

The voltage change dUOST on the OST is amplified by an operational amplifier connected
in a non-inverting configuration. The coupling capacitor C2 isolates the DC bias of the
OST so only the AC component of the OST voltage is amplified. C2 together with resistor
R3 forms a high-pass filter. The values of C2 and R3 are chosen to have a relatively low
cutoff frequency (≈ 7 Hz).
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Figure 3.6: Circuit of the amplifier for the second-sound tests used at DESY [179].

Resistors R4 and R5 define the gain G of the operational amplifier as

G = 1 +
R5

R4
. (3.18)

The gain should be chosen to have the amplitude of the output signal optimal for the
analog-to-digital converter (ADC) used to acquire the signal.

In Fig.3.7 (insert) the power spectrum of a typical received OST signal is shown. It is
seen that the main signal power is in the range of 0.5 – 1.5 kHz.

Figure 3.7: Typical OST sygnal. Insert: power spectrum of the signal relative to the noise
level.
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3.2.3 Modifications of the Second-Sound Testing System

During the second-sound tests the existing system was significantly rebuilt. The cabling
(including feedthroughs and connectors) and the signal amplifier were modified to lower
the noise level and to increase the signal-to-noise ratio (SNR) of the acquired signals.
All interconnections inside the amplifier box were done by shielded cables. The amplifier
board was placed in an additional metal cage to shield it from the power supply. Power
buses for the operational amplifier circuits were stabilised by using a noise shunt as shown
in Fig.3.8. After the modification the noise level in the output signal of the amplifier was
reduced from 25 mV to 3 mV with all equipment connected (see Fig.3.9). A voltage of
120 V was used without additional filtering and can be the cause of the remaining noise.
However, the SNR for the typical received OST signal is 25 – 30 dB, which allows reliable
determination of the signal’s edge (see Fig.3.7).

Figure 3.8: Circuit designed for filtering 15 volt supplies [181]

Figure 3.9: Noise on the amplifier output before (blue) and after (red) shielding of the
amplifier and stabilisation of the ±15 V power supply

3.2.4 Signal Acquisition

The signal acquisition was modified as compared to the previous DESY setup. OST signals
after the amplification are acquired by a conventional USB-ADC (National Instruments
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USB-6218). The ADC described can measure either 32 channels in the single-ended mode
or 16 channels in the differential mode. To readout 18 OST channels and two analog
signals from the rf testing equipment (transmitted and reflected power), two ADC boards
in differential mode were used in the previous setup [176].

The new setup was changed from differential to single-ended mode, as the amplifier’s
outputs have a common ground and differential mode has no benefit. This approach
made the second ADC redundant and thus obviated synchronisation as all the signals are
acquired by a single ADC.

The sampling rate determines the precision of the experiment. It depends on the number
of OSTs used: the maximum total sampling rate of the ADC is 250 kHz. For the tests
described here, the following method was used. Initially, a 10 kHz sampling rate was used
for the full set of OST and rf signals. Then, 30 kHz was used to receive more precise
signals of groups of 6 OSTs (in different combinations) with the two rf signals.

OST Detection Time

After OST and rf signal acquisition, the OST detection time t is defined as the delay
between the rf-detected quench trf and the OST signal edge, tOST :

t = tOST − trf . (3.19)

A noise level is determined for each signal channel individually. The times trf and
tOST are determined, when the signal level exceeds the noise level of the channel (see
Fig.3.10).

In order to check the reproducibility of the acquired signals, cavities were tested by making
up to 20 readouts per OST. For a so-called “hard quench” (no field emission, multipacting
or HOM-antenna heating observed during the vertical test) the OST detection time is
constant.

Thus for practical second-sound tests it is enough to have 2-3 readouts per OST to measure
the quench position. Increasing the sampling rate from 10 kHz to 30 kHz reduced the
uncertainty of the OST detection time from ±100 µs to ±33 µs.
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Figure 3.10: The OST (red) and rf reflected (blue) signals. Noise levels are shown by the
horizontal lines. The rf-detected quench time trf and the OST signal edge tOST are shown
by the vertical lines.
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3.3 Algorithm

To localise the quench, the algorithm uses the cavity shape, positions of the OSTs and
the OST detection time derived from the second-sound measurements. The algorithm
described in this section consists of three main parts: calculation of a graph of intercon-
nections, calculation of distance maps and quench localisation. The first part uses only
the shape of the cavity and can be performed with the accuracy desired for any cavity
shape. Once calculated, the resulting graph can be used for any second-sound test of such
a cavity. The second part uses the graph and positions of the OSTs. If the same positions
are used for several tests, the same distance maps can be used. The third part operates
with the distance maps and the OST detection time. The distance maps are stored in the
form of two-dimensional matrices and can be used for quench localisation without specific
software.

3.3.1 Trilateration

Second-sound tests were first implemented at DESY by Felix Schlander [176, 175] as a part
of the ILC-HiGrade programme using the trilateration technique. However, calculations
based on the trilateration technic have several drawbacks which limit the use of the
second-sound technique for cavity diagnostics:

1. Trilateration can be done only for OSTs in direct view of a quench.

2. It needs at least 3 signals for quench localization.

3. It needs a basic cavity-shape calculation to determine if an OST is in direct view of
the quench area.

4. It needs a special algorithm to constrain the quench onto the cavity surface.

5. Information from OSTs which are not in direct view of the quench is not used.

To satisfy the requirement that at least 3 OST should be in direct view from any point
of the cavity surface, 18 OSTs were placed around the cavity during the second-sound
test.

3.3.2 Introduction of a Ray-Tracing Algorithm

Using the simulation of the cavity geometry it is possible to find the shortest path between
any point on the cavity surface and the known OST position. This approach is described
below.

The algorithm is based on following assumptions:

1. The quench origin is located on the cavity surface.

2. The second-sound wave reaches the OST by taking the shortest possible route.
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3. The velocity of second sound in helium is constant for the whole volume of the
cryostat at a given temperature. This requirement can be modified to consider
some specific effects described in Section 3.4.1.

The algorithm finds the shortest path between the OST and any point on the cavity
surface, even if it is not in the direct line of sight of the OST. In the general case, such
a path is a combination of direct rays in free space and one of several geodesics (shortest
path between two points) on the cavity surface. As only the shortest path is used, there
is no need to calculate any reflections. However some effects, such as the finite size of the
OST and stiffening rings with holes must be accounted for.

3.3.3 Graph of Interconnections

The algorithm was developed for the general case, to be able to analyse any cavity shape
and is based on a graph-theoretic approach [182]. Some specific parameters of the TESLA-
shape cavity allowed a reduction of the calculation time and will be described later.

To perform the path searching, the surface of the cavity is represented by points (vertices).
Vertices are connected by straight lines (edges). A line between two vertices indicates the
possibility that the second-sound wave reaches one vertex from another directly. In this
case the distance travelled by the wave is equal to the length of the edge. The wave
can travel between two vertices in both directions, so the edge is undirected (i.e. has no
associated direction). If any two vertices are not connected by an edge, it is possible to
find a connecting route via other vertices. In this case the distance travelled is the sum
of all edges included in the path. The vertices and the edges together form a graph.

The problem is defined as a search for the shortest path between two defined vertices in
a connected and undirected graph.

Mesh

The graph discussed above is constructed based on a three-dimensional model of the
cavity.

The outer surface of the cavity is represented by vertices which are connected by straight
edges to form a triangle mesh. Thus, the mesh forms the Graph, but it is not complete,
as not all possible edges are included. There are different approaches to form the mesh
of the object. The main goal is to find a compromise between the accuracy of the model
and its complexity. For the calculations described below, an homogeneous surface mesh
was built. It has almost equal distances between two neighbouring points of the surface
for different cavity regions. The main characteristics of the mesh are:

1. Every surface point (vertex) is a part of the mesh, i.e. is connected with at least
two other vertices by edges.

2. Edges form triangles, so each vertex is a corner of at least one triangle.
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3. Triangles do not cross each other. This requirement minimises the number of trian-
gles in the mesh.

The mesh is schematically shown in Fig.3.11. In addition, a unit normal vector for each
vertex is calculated during the mesh formation. This is used later to define the inner and
outer volume of the cavity.

The cavity shape thus defined is described by the following data arrays:

1. Vertex array - indexed array of the Cartesian coordinates of the vertices. The index
(number of the entry) of this array is used to form arrays of edges and triangles.
This array is not modified during further calculations.

2. Array of the corresponding Perpendicular (normal) vectors. Each vector is repre-
sented by three Cartesian coordinates.

3. Edge array. Each edge is represented by the indices of two vertices. This array
represents possible paths between the vertices and is extended by additional edges
in further calculations.

4. Triangle array. Each triangle is represented by the indices of three vertices. This
array represents the surface of the cavity and is not modified during further calcu-
lations.

These 4 arrays correspond to a parametrisation of the cavity surface. Fig.3.11 corresponds
to this parametrisation.

Figure 3.11: Mesh defining the cavity surface (left). The cavity outer surface is white.
Vertices are shown by circles, and edges by lines. The mapping onto a full 9-cell cavity is
shown (right).

Ray Tracing

The mesh represents some of the possible paths along the surface between any two vertices.
There are other paths not defined by the procedure discussed above. These additional
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paths are defined by linking any two unlinked vertices closer than a minimum distance,
which is a free parameter (see Fig.3.12 (a)). Those edges significantly increase the accuracy
of the model, since they allow more direct paths. On the other hand, those edges are not
included in the mesh (in the Triangle array), as the triangles they form do not increase the
accuracy of the cavity shape, but would increase the calculation time significantly. The
threshold distance used strongly depends on the mesh type and resolution. For example,
for a high resolution periodic mesh (with a period less than 5 mm), the threshold distance
is 2 – 4 mesh periods.

Figure 3.12: Schematic image of the graph. The cavity outer surface is white. Vertices are
shown by circles, and edges by lines. a) Additional direct edges (green) added to increase
the accuracy of the route. b) Additional edges (red) connect the vertices through the free
space outside the cavity. The edges for one vertex A are shown.

In addition, there are possible paths for some regions of a TESLA-shape cavity that can
connect two previously unconnected surface points through the free space outside the
cavity. Such possible paths should be added to the graph (see Fig.3.12 (b)). To find
a possible path between any of two previously unconnected points through free space a
ray-tracing algorithm is used. This is implemented by the following procedure. For each
two vertices, which are not already connected by an edge, a ray vector is formed, which
has the first vertex as an initial point and points to the second vertex. The ray is tested
to see if it intersects with any triangle from the Triangle array (the algorithm described in
[183] is used to detect an intersection). If there is no intersection, or the distance between
the initial point and the intersection point is larger than the distance between the initial
point and the second vertex, a new edge between these vertices is formed as a possible
direct path. This edge is added to the Edge array. This part of the calculation is the
most computationally intensive, so the approach described below is used to reduce the
amount of calculation.

As a second-sound wave cannot pass through the interior of the cavity, the normal vectors
of each vertex are used to define the inner and outer space of the cavity. The angles α
between the ray and the normal vectors of both tested vertices are checked and the vertices
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are tested for a direct path only if the following conditions are satisfied:

αinitial ≤
π

2
+ β, (3.20)

αtarget ≥
π

2
− β. (3.21)

Here αinitial is the angle between the ray and the normal vector of the initial point, αtarget
is the angle between the ray and the normal vector of the target point and β is the
difference between tangent at the vertex and the angle of the edge.This β parameterises
the granularity of the mesh (see Fig.3.13), i.e. β = 0 on an infinitely small mesh.

Figure 3.13: Schematic image to demonstrate the granularity of the mesh. The real
surface is shown in blue, the parameterised surface is shown in black. A normal vector n
to the surface point O is shown.

Finally, the Graph contains all possible straight paths for all surface points. Still none of
the vertices has been distinguished. The Graph consists of two arrays:

1. Vertex array - the same array of vertices that was used in the mesh.

2. Edge array - the array of edges in the mesh extended with additional direct paths.

The Graph is built by using the model of the cavity shape and does not depend on the OST
positions. Its precision depends on the granularity of the mesh used for the calculations.
Once calculated, the Graph is stored as a basic description of the cavity shape and is used
for further calculations of distance maps for each OST.

OST-to-surface Distance Calculation

To find the shortest path from an OST with known coordinates to any point on the cavity
surface, the OST should be included into the Graph. To form the connections between the
OST and other vertices, the same approach with ray tracing is used: the rays between the
OST and each vertex are checked for intersections with the triangles. Normal vectors are
also used to reduce the number of vertices to be tested. As a result, the OST is directly
connected only with “visible” points on the cavity surface. The OST becomes a root of
the Graph - it is the origin for calculations.

After adding the OST into the Graph, path and distance calculations can be carried out.
The path-calculation algorithm is a modification of the widely used A∗ (“A star”) search
algorithm described in [184]. During the path calculation the algorithm goes through
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many of the intermediate vertices, calculating the distance for those points. The main
idea is not to search for the path to the specific point, but to calculate the shortest paths
to every point and store the result, so it can be used for any second-sound test for the
same OST position.

Two arrays are used to store the final results:

1. Distance array. Each element of the array stores the distance (in mm) from the OST
to the corresponding point of the Vertex array on the cavity surface. The Distance
array is iteratively modified during the calculations and on their conclusion stores
the shortest distances.

2. Path array. Each element of the array corresponds to the surface point of the Vertex
array. It stores the index of the point in the Vertex array that comes before the
current point in the resulting path (i.e. indicates the previous vertex in the path
from the OST to the current point). This array allows the reconstruction of the
path from the OST to any surface point.

The iterative algorithm, which is outlined using a pseudo-language to give a feeling for
the necessary coding steps and is shown in Fig.3.14, is applied to calculate the distance
from the OST and the path for each vertex. The temporary arrays store the vertices
which are used for calculations as initial points (Open set) and as targets (Target set).
The calculations are started from the OST, which is placed into the Open set as a single
entry with zero distance.

OST Dimensions

For the OST described above the anode diameter is 16 mm. If the OST would be rep-
resented as a point detector with the coordinates of the center of the membrane, the
uncertainty of the distance calculation would be increased by half of the anode diameter
in the case of the grazing incidence arrival of the second-sound wave. To increase the
accuracy of the calculations, the real OST diameter is taken into account. During the
calculation of the distance from the OST, represented by point O in Fig.3.15, to the ver-
tex V in the direct view of the OST (which is connected by an edge with the OST), the
projection OOnew of the ray OV on the OST membrane is calculated, and the distance
OnewV , the shortest distance from the edge of the OST to the point V , is used instead
of OV . The diameter of the detection zone of the OST could differ from the real anode
size (or size of the hole in the OST cap) due to different possible constructions of the
OST.

3.3.4 Distance Maps

As different meshes can be used for the shape calculations, the amount of vertices and
their density can vary. The result of the distance calculations, stored in the Vertex and
Distance arrays, in the general case is randomly scattered.
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Figure 3.14: An informal description of the path-calculating algorithm.

To facilitate further use of the precalculated data, and to be able to use a mesh of different
resolution, a single form of the representation was chosen - the Distance map.

The Distance map is a 2-dimensional matrix of the shortest path s between a single
OST and each defined point on the cavity surface. To parameterize the map, a modified
cylindrical coordinate system is used. A row of the distance map corresponds to the axial
coordinate z along the surface; a column corresponds to the angle coordinate φ of the
surface point relative to the cavity axis.
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Figure 3.15: Schematic image illustrating the effect of the finite size of the OST. O - center
of the membrane, V - vertex in the direct view of the membrane, OOnew - projection of
the OV to the membrane plane, nOST - normal vector to the membrane surface.

To convert the scattered data to the form of a distance map, the interpolation method
is used. For the maps shown below, cubic interpolation with the standard MATLAB
function griddata was used [185].

The quench-locating algorithm described below works with the precalculated distance
maps and does not depend on the mesh type or resolution. Maps are calculated for
a given cavity shape and OST coordinates. All TESLA-shape cavities for XFEL have
narrow tolerances in dimensions and so are almost identical. Therefore, if the same OST
positions are used, the calculated maps can be used for every second-sound test.

3.3.5 Features of the Distance Map Calculations for TESLA-
shape 9-cell Cavities

Several features of the elliptical cavities allow a significant reduction in the calculation
time.

Axial Symmetry

Due to the axial symmetry of the cavity, the distance r′1 + a′2 from the OST to point Q′2
is equal to the distance r1 + a2 from the OST to the symmetric relative point Q2 (see
Fig. 3.16). This symmetry allows the calculation of the distance map for half of the cavity
surface to be mirrored to provide the second half:

sz,φ = sz,360−φ. (3.22)

Also due to the axial symmetry, changes of the angular OST position lead to a shift of
angular coordinates on the distance map for this OST, i.e. cyclic shift of the columns of
the distance-map matrix.
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Figure 3.16: Axial symmetry of the cavity.

Dumbbell

Another feature of the 9-cell elliptical cavity is that it consists of 9 identical cells. It should
be noted here that the first and ninth cells have slightly different form, but this can be
neglected to a first approximation. For path finding, the basic unit is a dumbbell - two
adjacent halfcells of neighbouring cells (see Fig. 3.17). The dumbbell has an important
feature - any surface point on the dumbbell, except on the equator line, can be directly
connected only with points on the same dumbbell. Any points of the rest of the cavity
surface are masked by the equators, as equators are the widest region.

Figure 3.17: Half of the dumbbell shape with normals and triangular mesh.

Thus, that part of the Graph which contains the surface points of one dumbbell is con-
nected with other parts of the Graph only by the points on the equator. Therefore, the
Graph can be divided into parts, and each part can be separately processed to find all
possible interconnections. As all such parts are geometrically identical (to first order),
only one dumbbell shape needs to be processed. All other dumbbells can be obtained by
shifting the coordinates of the vertices. Dumbbells are stitched together by the common
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vertices on the equator. To have a 9-cell shape, 10 dumbbells are used. The distance map
of the full surface of the 9-cell cavity (without end-tubes) is built in this manner.

This approach gave a significant gain in calculation time. At the ray-tracing stage (see
Section 3.3.3) the number of the vertex-vertex pairs is proportional to n2, where n is the
number of the vertices in the mesh. Each vertex-vertex ray is tested for intersections with
the triangles of the mesh. The number of such triangles is roughly proportional to n.
Thus, the computational complexity is proportional to n3.

Using half of the dumbbell (due to the axial symmetry) allows a reduction of the number
of the vertices by 9 ·2 = 18 times while keeping the same mesh granularity. The reduction
in the number of calculations is about 183 ≈ 5800 times compared to the direct calculation
of the mesh of the full cavity surface.

3.3.6 Quench Localisation

After acquisition of the signals, the OST detection time t is defined as a delay between the
rf-detected quench and the OST signal edge (see Fig.3.10). As the second-sound velocity v
is known from the temperature of the cryostat, the quench distance, dq, can be calculated
as

dq = vt. (3.23)

If in the distance map all cells within dq ± a are selected, where a is a parameter which
accounts for the distance resolution), the selected points form an area on the cavity surface
corresponding to the quench location. In the general case, a single OST cannot localise
the quench position, although it is possible in specific cases in combination with additional
information. A vertical test with measurements in different eigenmodes (see Section 1.3.3)
can point to a limiting cell. Thus, to localize the quench position, results from several
OST should be combined.

Combining of Several Distance Maps

For every point of the distance map (described by the coordinates z and φ), the differences
between the quench distance d and the actual distance sz,φ to the OST is calculated. These
calculations are performed for all OSTs used in the test. As the distance maps have the
same size for all OSTs, the common RMSE matrix of the deviations can be calculated
as

RMSEz,φ =

√∑n
i=1(sz,φ − dq i)2

n
, (3.24)

where RMSE is the root-mean-square deviation, and n the number of OSTs used for the
calculations. Such a matrix, called a quench map, represents the mean deviation of the
actual quench distance dq from the calculated distance sz,φ for every point of the cavity
surface.
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In Fig.3.18, a RMSE Quench map for the full surface of a 9-cell cavity is shown. As the
RMSE value is minimal for the quench area (usually below 15 mm) and reaches values
over 1000 mm for regions far from the quench area, it is convenient to visualize only the
values below a threshold. Usually the area corresponding to relatively low RMSE values
has a dimension of 100 – 150 mm in z direction, and ≈ 100° in φ direction. Thus, only this
area of the quench map is shown for the cavity tests discussed below.

The values in the quench map (see Fig.3.18) have the dimension of distance. An area
with a lower RMSE value corresponds to a more probable quench location.

Advantages of the Distance and Quench Maps

Compared to the simple trilateration, the distance-map approach does not produce
quenches away from the cavity surface, thus obviating the need to constrain the quench
onto the cavity surface

The Quench map calculation actually represents a solution of the least-squares problem.
The result is represented in the form of a map of the full cavity surface. The answer
(location of the quench origin) is not point-like, but is an area of the most probable
quench location.

The most intensive calculations relate to the building of the Graph, not to the processing
of the information acquired during the test of the cavity. Such calculations are separated
(see block 1 in Fig.3.19), and the result is calculated only once and is stored in the form
of the Graph. The mesh and the Graph can be calculated by different techniques with
the desired precision. Significantly less time-consuming calculations of the distance maps
are based on the Graph (block 2 in Fig.3.19). Such calculations should be done for the
specific OST positions. If the same OST positions are used for different tests, the same
Distance maps can be used. Calculation of the Quench map can be done “on-the-fly”
during the cavity test, as no specific software or additional cavity-shape information is
required (block 3 in Fig.3.19).

Quench map and Distance maps are stored in the form of 2D matrices and can be inter-
preted as images. This allows easier visualisation of the quench area.
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Figure 3.18: Full RMSE Quench map for the cavity CAV00518 test 5. All points with
RMSE > 35 mm are shown in blue.
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Figure 3.19: A diagram of the full algorithm used for the second-sound analysis. The
cavity shape, the positions of the OSTs and the OST running times are the input param-
eters of the algorithm. In block 1, the mesh and the graph are calculated based on the
cavity shape. In block 2, the distance maps are calculated from the mesh, graph and the
measured OST positions. In block 3, the final quench map is calculated from the distance
maps and the measured OST running times.
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3.4 Second-Sound Tests of the 9-cell Cavities

The 9-cell XFEL cavities tested during the development of the second-sound system are
listed in Table 3.1. All these cavities were not equipped with helium vessels, so the
OSTs were located around the cavity. The described precision of the measurements was
reached after several modifications of the testing equipment. The algorithm localised the
quench area for every test, however the high level of noise in the signals and insufficient
precision of the measurements of the OST positions led to the widening of the quench
area calculated and an increase of the minimum RMSE value. Therefore, the results
below are shown for test 5 of CAV00518 performed with the final version of the testing
equipment.

Table 3.1: 9-cell cavities without tank tested with second-sound technique

Cavity Test #

CAV00518 Test 3
CAV00087 Test 1
CAV00087 Test 3
CAV00612 Test 2
CAV00518 Test 5

3.4.1 Verification of the Second-Sound Map Approach

S over t

Assuming that all OSTs detect the same single quench, whose area is a relatively small,
the proposed approach can be verified by checking the dependence between the expected
detection time for each OST derived from the path calculation and the actually measured
detection time.

In the map shown in Fig.3.18, the surface point with the lowest RMSE value was chosen
(surface coordinates z = 133 mm and φ = 279.5°, RMSE= 21.1 mm for 17 OST). In
Fig. 3.20, the red circles show the measured OST detection time t versus the shape-
calculated path-length s from surface point to the OST. The blue line corresponds to a
second-sound velocity at 1.8 K of 19.9 m/s [169].

As can be seen in Fig. 3.20, the deviations of two OST signals (marked as 1 and 10) are
higher, compared to the other 15 OSTs (the average deviation ≈ 5.0 mm for the set of
15 OSTs). Both signals have lower time t than expected from the actual distance from
the OSTs to the quench point. The quench is located close to Equator#1, and both of
the “fast” OSTs are placed at the same z coordinate. The same overspeed effect was
observed in tests of other cavities. In each case the “fast” OSTs were located at the same
z coordinate as the quench area. This effect can be explained by features of the heat
propagation in niobium which leads to distortions in the shape of the second-sound wave
front as discussed below.
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Figure 3.20: S over t plot for CAV00518t5. Axis time - actually measured OST detection
time, axis distance - shape-calculated path length from quench surface point to OST.
Error bars are inside the circles.

Peculiarities of Heat Propagation in Nb During Thermal Breakdown

A simplified explanation can be used to describe the observed reduction of the detection
time for an OST placed at nearly the same z coordinate as the quench location. The
temperature dependence of the BCS resistance, residual resistance and the temperature
dependence of the thermal conductivity of Nb are ignored. The critical temperature Tc
of a superconductor depends on the magnetic field H. Such a dependence for niobium
in an rf field of 1.3 GHz is shown in Fig.3.21. In a quench, the thermal breakdown of
superconductivity originates at a point-like imperfection of the niobium surface [68, 72,
41]. A small area of the surface becomes normal conducting, and part of the energy
stored in the rf field of the cavity is converted into Joule heating. Thus, this small
area can be described as a heating source. The temperature of the material around the
heating source rises due to nonzero thermal conductivity. As a new region of the niobium
surface around the heating source reaches the critical temperature (for the corresponding
magnetic field, which is still present in the cavity), it loses superconductivity and becomes
an additional heating source. Within a few cm from the equator in the axial (z) direction,
the surface magnetic field falls off, as shown in Fig.3.22, and the critical temperature Tc
rises correspondingly. Therefore Tc is higher in the z direction than in the φ direction.
As heat propagates in niobium isotropically (with the assumptions described above), the
boundary of the normal conducting region expands faster in the φ direction than in the
z direction.

According to this model, during the quench the high temperature region should have the
shape of an ellipse in the case in which the quench originates in the equator region.

If a significant amount of energy is stored in the cavity, the boundary of the normal
conducting region can expand with a velocity higher than the velocity of the second-sound-
wave propagation [188]. If this boundary is moving towards the OST, the second-sound
wave from the boundary point Q′ will reach the OST before the second-sound wave from

116



3.4. Second-Sound Tests of the 9-cell Cavities

Figure 3.21: Temperature dependence of critical rf magnetic field (Hrf
c ) for niobium at

1.3 GHz [186].

Figure 3.22: Surface magnetic field for a TESLA cavity. Here z is the coordinate along
the surface of the cavity and z = 0 corresponds to the equator. [187]

the quench origin point Q (see Fig.3.23). It should be noted that the second-sound wave
is produced by a temperature gradient and is produced before the surface area reaches
Tc. However, the temperature gradient at the boundary of the normal conductive area is
very large during the quench development. This effect can thus be taken into account if
the boundary of the normal conductive area is taken as the source of the second-sound
wave.

As the heat propagation in the quench area is faster in the φ direction, the largest differ-
ence between the expected and the measured detection time should be observed for the
OSTs placed at the same axial coordinate z as the quench origin point. At the same time
the difference should not be observed for an OST placed directly opposite the point of
the quench origin.
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Figure 3.23: Schematic drawing of the hot region and second-sound wave propagation. A
cavity section is shown; Q - the point of the quench origin, Q′ - the boundary of the hot
area (red).

3.4.2 Comparing the Calculated Quench Position Using Differ-
ent OSTs

In the general case, three OSTs are enough to locate the quench origin in three-dimensional
space. To check the reliability of quench mapping, the evaluation of the quench position
was done using different numbers of OSTs. The data of the test CAV00518t5 is used here,
as this test was performed with the final version of the second-sound testing system. As
the test was performed using 17 working OSTs, different combinations of signals could be
used to check the precision of the algorithms.

In Fig.3.24, two quench maps of the same test are shown. For the calculation of the left
map, only the signals of the OSTs with a direct view of the quench area were used. Those
conditions correspond to the previous generation of second-sound tests when trilateration
was used to locate the quench position [180, 175, 176]. For the map shown on the right,
only the signals of “hidden” (not in the direct view of the quench area) OSTs were used.
This calculation is possible only by simulating the second-sound propagation around the
cavity. The signals of those OSTs were omitted in the previous setup. It can be seen
that for both maps, the area of minimal RMSE values is located almost at the same
surface coordinates. However, the minimum value of the root-mean-square deviation for
the direct view case is a bit lower (≈ 5 mm against ≈ 8 mm for the “hidden” OSTs).
The shape of the “spot” is determined by the direction of the each OST used for the
calculations as well as by the region of the cavity. In substance, the spot is a projection
of the chi-square distribution of the distance deviations onto the complicated shape of the
cavity.

In Fig.3.25 the worst case is shown. Only the farthest 3 OSTs not in a direct view of
the quench area are used for calculations. The path length for the second-sound wave is
above 800 mm for every OST used. The area of the lowest RMSE value is located almost
at the same position as for the previous maps. The area of the additional local minimum
of the RMSE has risen; however, its RMSE value is 3 times higher (≈ 15 mm) than for
the quench area (≈ 5 mm).
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Figure 3.24: RMSE Quench maps for CAV00518 t5. Only OSTs in direct view (left) and
only OSTs without direct view (right) of the quench point are used.

Figure 3.25: RMSE Quench maps for CAV00518 t5. The farthest 3 OSTs not in direct
view of the quench position are used.

3.4.3 Quench Position Resolution

All possible combinations of three different OSTs were calculated. The coordinates z and
φ of the minimum RMSE value for all those combinations are shown in Fig.3.26.

The distribution of these positions has a maximum at coordinates defined as z0 and φ0.
Distributions of the values ∆z = |z−z0| and ∆φ = |φ−φ0| are shown in Fig.3.27; both are
close to a normal distribution. The standard deviations are σz = 8.90 mm and σφ = 8.99°
in the z and φ directions, respectively. Thus, the coordinate of the mean point of the
distribution z0 = (116.0± 8.9) mm and φ0 = (271.5± 9.0)° can be used as the location of
the quench origin.
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Figure 3.26: Points of the minimal RMSE value for all possible sets of 3 OSTs (red
circles), and standard deviations (blue and green ellipses) for their distribution.

Figure 3.27: Distribution of ∆z (left) and ∆φ (right).
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3.4.4 Comparing with the Temperature Mapping Results

The existing DESY rotating temperature-mapping system [189] was rebuilt, and new
control software was developed to make dynamic temperature maps.

Temperature Mapping System

The main part of the system is a row of 116 temperature sensors (Allen-Bradley carbon
resistance thermometers (CRT)) placed parallel to the axis of the cavity. The sensors are
pressed by springs against the surface of the cavity. The row of sensors can rotate around
the cavity, allowing scanning of the surface. The sensors cover only the region of ±70 mm
from the equator in the axial direction z.

All CRTs are biased to have a stabilised DC current of 10 µA through each sensor. Na-
tional Instruments Corparation SCXI-1100 Multiplexors are used to connect the sensors
sequentially to the Data Acquisition Controller (PXI-6030E) which contains a 16-bit ADC
onboard. As a result, the voltage of every sensor is measured every 1 ms during the quench.
To cover the full cavity surface, the measurements should be repeated for each angular
position of the CRTs. RF signals from the rf testing equipment are taken in addition
to the sensors’ voltage, and are used to provide a reference time during the assembly of
the full temperature map. After compiling all measurements, the final data set contains
temperature maps with an interval of 1 ms. All the sensors are calibrated before the RF
test by changing the temperature of the cryostat.

Calibration of the Temperature Mapping System

The temperature of the cryostat is controlled by the pressure. During the cooling down,
the cooling process was stopped several times to stabilise the temperature and measure
the resistance of every CRT. The measured calibration points were fitted by a polyno-
mial function of the 4th order. For temperatures below 4.2 K (temperature of liquid
helium at 1 bar) such calibration gives an accuracy of the temperature difference of about
2 – 3 mK.

The dependence between an inverse temperature 1/T and a natural logarithm of the CRT
resistance ln(R) is fitted by a 4th-order polynomial (see Fig.3.28):

1

T
= a4ln

4(R) + a3ln
3(R) + a2ln

2(R) + a1ln(R) + a0, (3.25)

where a4, a3, a2, a1, a0 are the polynomial coefficients.

The drawback of such a rotating system is that there is different thermal contact with the
cavity surface for each sensor. Moreover, for any CRT this contact can vary after moving
the sensor row to a new position.

It should be noted that the temperature of the sensor is delayed with respect to the
change in surface temperature, as the sensor has nonzero mass and specific heat. During
the quench, the cavity empties in ≈ 1 – 2 ms after which no more power is dissipated
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Figure 3.28: Calibration points for CRT#115 (circles) and fit (red line). In the insert the
same data is presented in ln(R)− 1

T
coordinates.

as heat. Thus, owing to imperfect thermal contact with the surface, the temperature
sensor will not reach the same temperature as the cavity surface. As a result, such a
rotating system in dynamic mode cannot be used for measurements of the thermal losses,
as it requires the absolute amount of thermal energy to be calculated. However, such a
system is useful to find the quench area and measure its dynamics, as it has a temperature
resolution of ≈ 5 mK at a temperature near 2 K.

Result of the Temperature Mapping

Temperature mapping was performed for the cavity CAV00518 during vertical Test 6.
This test was performed after Test 5 (with the second-sound system). The cavity did not
received any treatment between these tests. It was expected therefore that the quench
position would not have changed.

Part of the temperature map for CAV00518 test 6 for 30 ms after the quench is shown
in Fig.3.29. The same region of the quench map is shown for comparison. It should be
noted that the quench area in the quench map is not identical to the area of increased
temperature (hot area) of the quench. The quench map indicates the probable position
of the point of the quench origin.

The evolution of the hot area is shown in Fig.3.30. The lines are drawn through points
with a temperature increase of 50 mK above the background temperature. Thus, these
isotherms represent the boundary of the hot area.

A temperature rise of 50 mK was chosen for the following reasons:

1. This value is well over the noise level (≈ 10 mK).

2. At the same time it is low enough to minimize the importance of the difference in
the thermal contact between the CRT and the surface of the cavity. The rising edge
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3.4. Second-Sound Tests of the 9-cell Cavities

Figure 3.29: Part of the quench map (left) and the temperature mapping data for the
same area of the cavity surface 30 ms after the rf quench (right).

Figure 3.30: The evolution of the hot area. Lines show the 50 mK isotherms for the time
interval 1 – 12 ms in steps of 2 ms after the time of 2 ms. Time is counted from the rf signal
that indicates the quench. Dots show datapoints for the 12 ms contour. The z coordinate
of Equator#1 has been set to 0 intentionally. The top axis maps the φ variation onto
the equator in mm. The aspect ratio of the area is kept as 1:1. The positions of the
temperature sensors are indicated on the right-hand axis.

of the temperature profile T can be described as

T (t) = Tmax(1− e−t/τ ) + THe, (3.26)

where Tmax is the temperature amplitude, t the time, τ the decay constant and
THe the background temperature. The measured values of the amplitude and decay
constant vary for different CRTs. For this test, Tmax was in the range 1.6 – 6.5 K
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and τ in the range 1.9 – 21.9 ms. As the chosen temperature change ∆T should be
easily detectable for any CRT within a single time bin (1 ms), it must satisfy the
condition for the slowest observed temperature growth (i.e. for the lowest observed
decay constant τ and the lowest observed temperature amplitude Tmax):

∆T ≤ 1.6(1− e−1/21.9)⇒ ∆T ≤ 74 mK. (3.27)

The detected hot area reaches its maximal size 12 ms after the beginning of the rf quench.
However, it expands faster in the φ direction than in z. In 2 ms the size in the φ direction
was already 90° (≈ 160 mm), while in the z direction it did not exceed 30 mm. Thus, the
second-sound wave, produced 2 ms after the quench 80 mm from the quench point in the
φ direction will outrun the original quench second-sound wave in 40 mm (or 2 ms for the
1.8 K) in that direction.

The hot area has a maximal size of ≈ 80 mm in the z direction and ≈ 110° in the φ direc-
tion, which corresponds to ≈ 200 mm for the equator region. The maximal temperature
of ≈ 8.65 K was reached on the CRT#114 sensor, while other sensors did not show a
temperature over 5 K.

The elliptical shape of the quench spot and the difference of the expansion velocities in
different directions are consistent with the discussion in Section 3.4.1.

3.4.5 Checking the Second-Sound Velocity

Some discrepancies between the second-sound velocity measured in several experiments
and previously published data were discussed in [190, 191]. In most cases the deviation of
the measured effective velocity of the second sound can be explained by the configuration
of the experimental setup or by additional thermal effects (i.e. as described in Section
3.4.1). The velocity of the second sound can be checked by the following method.

The approach for the second-sound analysis described previously can also solve the inverse
problem - finding the velocity of the second-sound wave propagation even without knowing
the quench position. From distance maps (with values s) and detection times for several
OSTs, a simple linear regression method can be used to fit the experimental data points
with the regression line

s = α + vt, (3.28)

where the intercept parameter α = 0 if the source of the second sound is point-like, s
is the distance, t the time, and the slope v is the unknown second-sound velocity. The
least-squares approach was used for fitting. The errors of the fit ∆ were calculated as

∆2
z,φ =

∑n
i=1(sz,φ − vti)2

n
, (3.29)

here n is the number of OSTs used. For each surface point the best (i.e. with the lowest
∆) value of the fitted velocity v was calculated.

In Fig.3.31 the results of the described calculations are shown. On the left, the values
v of the fitted second-sound velocity are shown for every point of the surface. In the
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middle image the values of the fitting error ∆ for that velocity are shown. The lowest
error ∆ is 0.37 m/s for the surface point with coordinates z = 144 mm and φ = 284°. The
corresponding fitted velocity v is 19.63 m/s. After calculations of the standard deviation
(rather than ∆), the velocity of the second sound was found to be (19.63± 0.17) m/s.
On the right, the normal RMSE Quench map is shown for comparison (this data is
not used in the calculations). The point with the best linear fit of the second-sound
velocity is not identical with the point of the lowest RMSE from the Quench map.
This is caused by uncertainties of the cavity shape granularity, OST positions and OST
detection times.

The fitting error ∆ is used to localise the quench position as the distribution of (sz,φ−vti)
is close to a normal distribution only for the points close to the quench position. Moreover,
this error is easier to calculate.

Figure 3.31: CAV00518 Test 5: the second-sound velocity v used for the linear fit(left),
deviation ∆ from the linear fit of the second-sound velocity (middle), and RMSE quench
map for the same region (right).

The same calculations were done for the other second-sound test: CAV00518 Test 3. The
quench was located in Cell 9 (instead of Cell 1 for CAV00518 Test 5). The lowest error
∆ of fitting (see Fig.3.32) is 0.74 m/s for the surface point with coordinates z = 1570 mm
and φ = 326°. The corresponding fitted speed is (20.18± 0.19) m/s.

Thus, in both tests the measured velocity of the second sound was in reasonable agreement
with the value published by R.J. Donnely [169] (19.9 m/s).
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Figure 3.32: CAV00518 Test 3: the second sound velocity v used for the linear fit(left),
deviation ∆ from the linear fit of the second sound velocity (middle), and RMSE quench
map for the same region (right).
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3.5. Second-Sound Inspection of the Dressed Cavity

3.5 Second-Sound Inspection of the Dressed Cav-

ity

As a standard XFEL cavity is equipped with a helium vessel called the helium tank, it is
not possible to perform a standard second-sound test with OSTs positioned around the
cavity. The XFEL helium tank has only two openings. One opening of 6 mm in diameter
has a helium filling line attached and cannot be used for installation of the OST. The
second opening is 56 mm in diameter and has a nozzle tank tube attached. This opening
is used for the placement of a specially developed multi-sensor with several OSTs.

3.5.1 Multi-OST

The combination of several OSTs in a single location provides several advantages:
placement in restricted areas, cancellation of common noise sources, inherent cross-
calibration.

The layout of a multi-OST is sketched in Fig. 3.33. It consists of an aluminum housing
of 52 mm in diameter with 6 bronze anodes each of 7 mm diameter. The anodes are
isolated from the housing by STYCAST™thermally conductive epoxy and are connected to
wires by SMA connectors. Each anode is covered by a gold-coated porous polycarbonate
membrane, as described in Section 3.2.1. This gold coating serves as a cathode. All
membranes are fixed with a single aluminum cap which has 6 holes each of 10 mm diameter
to expose the membranes to helium.

Figure 3.33: Schematic view of the Multi-OST with OST positions (left) and a photograph
of the Multi-OST installed in the nozzle tank tube of the dummy helium vessel (right).

The multi-OST is equipped with a retractable mounting system (see Fig.3.34). To perform
the second-sound test, the multi-OST is placed into the nozzle tank tube of a standard
XFEL 1.3 GHz cavity. The mounting system allows the positioning of the multi-OST with
a precision of ±1 mm. The angular resolution limits for the sampling rate used are shown
in Fig.3.35.
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Figure 3.34: Schematic view of a dressed cavity equipped with a Multi-OST [192].

Figure 3.35: MultiOST resolution limits for the sampling rate used.

3.5.2 Results of the Second-Sound Test of a Dressed 9-cell Cav-
ity

The second-sound test of the standard XFEL cavity CAV00681 was performed using the
multi-OST sensor described above. The cavity was equipped with helium vessel and HOM
antennas. The Multi-OST was installed in the nozzle tube (see Fig.3.34).

The rf and OST signals are shown in Fig.3.36. The OST detection time is defined for
each OST, as described in Section 3.2.4.

The detection times and the position of the center of each OST in the Multi-OST array
are shown in Table 3.2. For this test, the uncertainty of the Multi-OST position is ±1 mm,
while the uncertainty of the position of each OST relative to the other OSTs and to the
Multi-OST center is defined by the precision of machining and is well below 0.1 mm. Thus,
the uncertainties of the OST positions are correlated and do not broaden the quench area
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Figure 3.36: The OST and rf signals for test CAV00681t3. RF - the transmitted power,
RF2 - the reflected power. The levels of the signals are in-scale and shifted intentionally.

on the quench map. The uncertainty of the OST detection time is ±33.3 µs. All these
uncertainties are taken in account during the calculation of the quench map.

Table 3.2: OST positions and detection times for test CAV00681t3

OST
OST center position

Detection time, msρ, mm φ, ° z, mm

1 11 137.3 755.3 11.066
2 11 133.3 741.4 11.500
3 11 137.3 727.5 11.900
4 11 145.3 727.5 12.400
5 11 149.3 741.4 12.166
6 11 145.3 755.3 11.433

Fig.3.37 shows part of the quench map. Due to the short distances between the OSTs,
the area of the minimal RMSE values has the shape of a band. It crosses equator 9 (E9)
at an angle of 50 – 65°.

3.5.3 Inner Surface Investigation

An optical OBACHT (see Section 1.6.4) inspection of the inner surface has been done
for the cavity CAV00681. Three defects were found. All the defects are located on the
welding seam of the Equator 9: two ‘minor’ defects at 336° and at 279°, and a large defect
at 50°.

The replica (see Section 1.6.5) of the defect was investigated by means of a laser-scanning
microscope (see Fig.3.38). No destructive techniques were applied to the cavity.

The defect has dimensions of 2.5 mm × 0.3 mm. A high-resolution scan of part of the
defect is shown in Fig.3.39. The 20 µm protrusion with a split along the ridge could have
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Figure 3.37: A part of the quench map for the dressed cavity.

Figure 3.38: The OBACHT optical image of the Equator 9 welding seam at 50° (left) and
the laser image of the replica from a small area of the same region as indicated by the
white box (right). The defect area indicated by the red box is shown in detail in Fig.3.39.
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been formed due to foreign material (e.g. a dust particle) in the melt during the welding.
A similar defect is described in [193] and was inspected using sectioning. The result of
this investigation was that such a defect is distributed deep inside the cavity wall and is
unlikely to be successfully removed.

Figure 3.39: The laser image of the area of the defect (left), 3D image (right) and the
profile (bottom). The red line (left) and the shaded area (right) indicate the sectioning
plane for the profile.
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3.6 Conclusions

The hardware and algorithm for second-sound tests were developed and described. As
compared to the previous system, they significantly increase the precision of localisation of
the quench . Modifications of the amplifier, feedthroughs and cabling increased the SNR
for the typical received OST signal up to 25 – 30 dB, which allows reliable determination
of the signal’s edge without additional filtering. The developed algorithm was verified by
testing 9-cell cavities. The quench position localised by the algorithm was verified by the
temperature-mapping system.

A multi-OST for the second-sound test of a series-production XFEL cavity equipped
with a helium vessel was developed. The quench position localised by the second-sound
testing system in the dressed cavity was verified by optical inspection of the inner cavity
surface.

The system with the multi-OST described has several advantages:

1. It does not require any special cavity preparation, as the multi-OST can be quickly
(≈ 2 min including connection of the cables) and easily installed in the helium pipe
of the cavity.

2. It finds the quench area without mode-measurements i.e. there is no need to dis-
mount HOM-antennas which requires special procedures and is performed in a clean-
room.

3. It can be used with different cavity shapes and sizes.

Such a test is proposed to be a part of a standard vertical test of the cavities.

The multi-OST allows precise measurement of the shape of the second-sound wave and
can be used for investigation of this phenomenon.
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Chapter 4

Summary and Outlook

SRF niobium cavities are a key component of current and future efficient particle accel-
erators producing high-energy and high-intensity beams. These cavities are made from
high-purity niobium and undergo a complex multi-step production process to achieve high
accelerating gradient and a high quality factor. These quantities together with the man-
ufacturing yield, drive cost and performance factors such as cryogenics plant size, beam
energy and machine length. The present work is a part of the global effort to improve
these parameters, and therefore make large-scale projects such as ILC feasible.

The first part of the presented work was devoted to studies of centrifugal barrel polish-
ing (CBP). During CBP, the cavity partially filled with abrasives is rotated in a CBP
machine. The characteristic size of abrasives is reduced at each treatment step, finally
producing a mirror-smooth cavity surface. Currently, CBP is not used in mass production
of cavities because of the large number of treatment steps and their duration, which re-
quires more manpower. However, CBP is considered to be a suitable repair technique for
low-performing cavities, as well as a potential candidate to replace “bulk” electropolish-
ing (EP), since CBP is more environmental friendly and requires much less infrastructure.
Compared to EP, the current preferred route for preparing the final cavity interior surface,
CBP has a number of advantages, i.e. it is able to remove pits, welding spatters, deep
scratches and foreign material inclusions that occasionally occur in the production pro-
cess. Such defects have significant negative consequences for SRF cavities, often limiting
accelerating gradient to less than 20 MV/m.

In the present work, each CBP treatment step was systematically investigated by means
of a coupon cavity, specially fabricated in cooperation with KEK, Japan. This allowed
detailed investigation of the material removal rate, topography change at specific areas
of the cavity, surface elemental composition and roughness. The mechanically damaged
layer produced on the inner cavity surface after CBP was investigated by metallography
technique. Exploring such a layer is of utmost importance since its thickness defines
the amount of hydrogen absorbed and makes chemical processing necessary after CBP.
The influence of the polishing media density and rotation speed of the barrels of CBP
machine on the depth of the plastically deformed layer was studied. It was found that
the plastically deformed layer thickness can be decreased by reducing the rotation speed
of the barrels during the CBP process, while the abrasion rate also decreases.
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Excessive hydrogen content in Nb cavities is responsible for the so-called Q-disease phe-
nomenon. A large concentration of hydrogen was found to be absorbed into the Nb
during the CBP by observing the niobium hydride footprints on Nb surface after cooling
samples to liquid-nitrogen temperature. It is well established that the absorbed hydro-
gen can be removed by 800 ◦C annealing, which is a standard step in industrial cavity
production.

Additionally, the CBP procedure was applied to 9-cell cavities. The removal rate of cav-
ity material during each CBP step, as well as its influence on cavity geometry (length,
eccentricity, field profile etc.) was investigated by various techniques including optical
inspection, ultrasonic thickness measurements, weighting, measuring of resonant frequen-
cies, field profile and welding seam profiles using replica. A number of issues in the CBP
procedure of such cavities were revealed, such as non-homogeneous material removal in
different areas of the cavity and the cavity bending. Accordingly, the loading procedure
of the polishing medium and the frame fixation were modified.

In order to meet the mass production requirements, the complete polishing CBP cycle
should be carried out in a single processing step achieving the removal of mechanically
deformed layer and the smoothing out the welding seams. It was found that Step#2
polishing leaves the smallest damaged layer while still having a reasonable removal rate.
Therefore, the Step#2 polishing process is recommended as a single-step CBP process
removing 110 – 140 µm of niobium from the inner cavity surface followed by a standard
“light” EP process removing 10 – 15 µm. The chemical processing cannot be excluded from
the treatment procedure, since as any mechanical treatment, CBP leaves a microscopic
damage on Nb surface which would deteriorate the cavity performance. The CBP-treated
cavities are expected to show statistically higher yield by eliminating most reasons for
poor cavity performance after industrial production. Replacement of “bulk” EP by CBP
might therefore result in higher yield and lower cost for an industrial production process
of SRF cavities for particle accelerators based on bulk Nb technology.

The second part of this thesis deals with the diagnostics of cavities during cold rf tests.
Although the performance-limiting mechanisms are understood in general, the origin of
the quench of the cavity is often unclear. In order to determine the quench locations, a
localisation tool for thermal breakdown using the second sound in super liquid helium has
been used.

The hardware and algorithm for second-sound tests were developed and described. Com-
pared to the previous system, they significantly increase the precision of the localisation
of the quench. In order to achieve this result, all components of this tool were improved to
increase the accuracy of the measurements. Modifications of the amplifier, feedthroughs
and cabling increased the signal-to-noise ratio for the received OST signal, which allowed
reliable determination of the signal’s edge without additional filtering. Also, a new pro-
gram code for quench localisation calculating the path of the second-sound wave was
developed. It allowed the signals from all sensors to be used, regardless of their position
relative to the quench site.

Furthermore, a new multi-sensor for second-sound wave detection in the helium vessel
of a cavity was developed and successfully tested on a serial-production XFEL cavity.
The system with the multi-OST does not require any special cavity preparation as the
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multi-OST can be easily installed in the helium pipe of the cavity. The quench positions
localised by the algorithm were verified using additional techniques such as temperature
mapping and optical inspection of the inner cavity surface. The algorithm finds the quench
area without mode-measurements, i.e. the dismount of HOM-antennas which requires
special procedures and is performed in a clean-room, would not be longer required. The
mathematical approach described in this paper can be applied for second-sound tests of
superconductive cavities of various shapes and dimensions. Such a test is proposed to be a
part of a standard vertical test of the cavities. Furthermore, the multi-OST allows precise
measurement of the shape of the second-sound wave and can be used for investigation of
this phenomenon.
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Appendix A

MatLAB code of the Algorithm

To localise the quench, the algorithm operates with the cavity shape, positions of the
OSTs and the OST detection time derived from the second-sound measurements. The
full algorithm consists of the following scripts:

1. The calculations of a map and a graph of interconnections (listed in Section A.1):

(a) make_mesh generates a mesh for the dumb-bell. The mesh also can be generated
by a third-party program.

(b) build_graph generates a graph using the mesh.

2. The calculations of distance maps (listed in Section A.2):

(a) make_cavity_config creates a configuration file for the cavity test. This file
can be created by a third-party program.

(b) generate_maps generates a distance map for every OST described in the con-
figuration file.

3. The quench localisation (listed in Section A.2):

(a) calculate_quenchmap generates a quench map for the set of the OSTs de-
scribed in the configuration file.

The first part operates only with the shape of the cavity and can be performed with the
accuracy desired for any cavity-shape. Once calculated, the resulting graph can be used
for any second-sound test of such a cavity.

The second part uses the mesh, the graph and the positions of the OSTs. If the same
positions are used for several tests, the same distance maps can be used. The distance
maps are stored in the form of two-dimensional matrices and can be used for the quench
localisation without specific software.

The third part operates with the distance maps and the OST detection time.

A diagram of the algorithm is shown in Fig.A.1.
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Figure A.1: A diagram of the full algorithm used for the second-sound analysis.
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A.1 Scripts for the calculation of the Mesh and the

Graph

A.1.1 make mesh v2.m

This script generates a mesh for the dumb-bell with the resolution defined by a threshold
in mm. The result is saved into the mesh_Xmm.mat file in dir folder (the default value is
meshes), where X is equal to threshold.

The following functions are used in this script (listed in Section A.3):

1. curve

2. rotate_curve_v2

3. flip_mesh

4. flip_map

5. tri_remove_artefacts

6. tri_connect

1 clear;

3 threshold = 10;%mm desired distance between points

5 step = 0.001;
6 inner mesh distance = 0.01; %

8 % height of a half−cell
9 top=57.7;

10 curve length = 98.5; %mm

12 dir = 'meshes/';
13 save name = strcat('mesh ',num2str(threshold),'mm');
14 save name = strcat(dir, save name,'.mat');

16 y=[0:step:top];
17 x=curve(y); %here are all points
18 %select points
19 xx(1)=x(1);
20 yy(1)=y(1);
21 distance(1) = 0; %distance between point(n) and point(n−1);
22 deviation(1) = 0; %abs(distance−threshold);
23 %add normal for first point
24 n(1,:)=[1 0 0]; %normals
25 counter = 1; %last selected point
26 map z = [0]; %z coordinate for map, add first point
27 %select points with distance near threshold
28 while (norm([x(length(x))−xx(length(xx)) y(length(y))−yy(length(yy))]) >

↪→ threshold) %while distance last(x) and last(xx) > threshold
29 %selected points
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30 for i = counter+1 : min([ counter+ceil(threshold/step) length(y)])
↪→ %start from counter and chek next threshold/step points

31 dist(i − counter) = norm([x(i)−xx(length(xx)) y(i)−yy(length(yy))])
↪→ ;

32 dev(i − counter) = abs(dist(i − counter) − threshold);
33 end
34 [m, k] = min(dev);
35 counter = k+counter;
36 xx = [xx x(counter)];
37 yy = [yy y(counter)];
38 deviation = [deviation m];
39 distance = [distance dist(k)];

41 if(isempty(map z))
42 p dist = 0;
43 else
44 p dist = map z(length(map z));
45 end;

47 map z = [map z; p dist+dist(k)];
48 %calculate normal vector for this point
49 a = [x(counter+1)−x(counter−1) y(counter+1)−y(counter−1) 0] ;
50 normal=a./norm(a);
51 n =[n; normal(2) −normal(1) normal(3)];
52 end %while

54 map z = [map z; curve length]; %add last point
55 %add the last point
56 distance = [distance norm([x(length(y))−xx(length(xx)) y(length(y))−yy(

↪→ length(yy))])];
57 deviation = [deviation abs(norm([x(length(y))−xx(length(xx)) y(length(y))−

↪→ yy(length(yy))]) − threshold)];

59 %add the last point
60 xx = [xx x(length(y))];
61 yy = [yy y(length(y))];

63 %add normal for the last point
64 n=[n; 1 0 0];

66 z = zeros(length(xx),1);
67 %format: point x point y point z normal x normal y normal z
68 points=[xx' z yy' n(:,1) n(:,3) n(:,2) map z];

70 %% now 'points' contains points with distance near threshold and their
↪→ normals

71 % but only a flat curve
72 inner points = points;
73 inner points(:,1) = inner points(:,1) − inner mesh distance;

75 %% rotating the curve
76 mesh = [];
77 inner mesh = [];
78 [mesh map]= rotate curve v2( points, threshold );
79 [inner mesh inner map] = rotate curve v2( inner points, threshold );
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81 %add mirror part
82 [mesh flipped top row] = flip mesh( mesh, top );
83 [inner mesh flipped not used] = flip mesh( inner mesh, top );
84 map flipped = flip map( map, top row, curve length )
85 map = [map; map flipped];

87 tri = delaunay(mesh(:,1),mesh(:,2));

89 %remove artefacts
90 %find triangles with only top points
91 triangles = tri remove artefacts(tri, top row); %sorted triangles from tri

93 %counter−part of triangles
94 tri flipped = tri connect(triangles, top row, length(mesh));

96 triangles = [triangles; tri flipped]; %full list of triangles
97 mesh =[mesh; mesh flipped]; % full list of points and normals
98 inner mesh =[inner mesh; inner mesh flipped];

100 figure;
101 trimesh(triangles,inner mesh(:,1),inner mesh(:,2),inner mesh(:,3));
102 hold on;

104 disp(['Points: ' int2str(length(mesh))]);
105 disp(['Triangles: ' int2str(length(triangles))]);

107 trimesh(triangles,mesh(:,1),mesh(:,2),mesh(:,3));
108 hold on;
109 axis equal;

111 % show normals
112 normal length = 5; %scale the normal for plotting
113 for i=1:length(mesh)
114 x = [mesh(i,1) mesh(i,1)+normal length*mesh(i,4)];
115 y = [mesh(i,2) mesh(i,2)+normal length*mesh(i,5)];
116 z = [mesh(i,3) mesh(i,3)+normal length*mesh(i,6)];
117 plot3(x, y, z);
118 end

120 save(save name, 'mesh', 'triangles', 'inner mesh', 'top', 'map');
121 disp(['Mesh saved in file: ' save name]);
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A.1.2 build graph.m

This script generates the Graph using the shape of the cavity from the Mesh. The result is
saved into the graph_Xmm.mat file in save dir folder (the default value is graphs), where
X is the mesh size in mm.

The following functions are used in this script (listed in Section A.3):

1. build_graph_v7

2. graph_check_for_double

1 clear;

4 mesh size = 10; %mm
5 angle thr = 10; %deg
6 save every points = 0; %for the long−time calculation, the result will be

↪→ saved after every n points in temp file. Delete temp file before
↪→ starting new calculations. Use 0 to disable this feature.

9 r = 35; %mm diameter of the iris
10 %visualization
11 show loaded = 1;

13 load dir = 'meshes/';

15 load name = strcat('mesh ',int2str(mesh size),'mm');
16 load name = strcat(load dir, load name,'.mat');

18 save dir = 'graphs/';
19 save name = strcat('graph ',int2str(mesh size),'mm');
20 save name = strcat(save dir, save name,'.mat');

22 max distance = 2*r*(sin(mesh size/r));
23 distance to neighbour = max distance*0.85;%95;

25 disp(['Mesh size: ' int2str(mesh size) ' mm']);
26 disp(['Neighbour distance: ' num2str(distance to neighbour)]);

28 disp(['Loading...']);

30 load(load name, 'mesh', 'triangles', 'inner mesh', 'top');

32 disp('Mesh loaded.');
33 disp(['Points: ' int2str(length(mesh))]);
34 disp(['Triangles: ' int2str(length(triangles))]);

36 %% show loaded mesh
37 if (show loaded)
38 figure;
39 trimesh(triangles,mesh(:,1),mesh(:,2),mesh(:,3));
40 hold on;
41 axis equal;
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42 end; %show loaded

44 %% build graph
45 disp('Building graph...');
46 tic;

48 rays = build graph v7([mesh(:,1) mesh(:,2) mesh(:,3)], [mesh(:,4) mesh(:,5)
↪→ mesh(:,6)], triangles, inner mesh(:,1:3), top, angle thr,
↪→ distance to neighbour, show point, save every points);

50 toc;
51 disp('Graph built');
52 disp(['Links found: ' int2str(length(rays))]);

54 %% check for duplicating links
55 disp('Checking for duplicating links...');
56 tic;
57 rays = graph check for double(rays);
58 toc;
59 disp(['Links found: ' int2str(length(rays))]);

61 save(save name, 'rays');
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A.2 Scripts for the calculation of the Distance Map

and the Quench Map

A.2.1 make cavity config.m

This script creates the config file for the cavity. An example for the dressed-cavity
test CAV00681t3 is given. An example for the naked-cavity test CAV00518t3 is com-
mented.

The OST array contains for each OST the following values:

1. The number of the channel.

2. The radial distance ρ from the cavity equator to the center of the OST membrane
in mm. The distance from the cavity axis can be calculated as ρ+103.3 for 1.3 GHz
TESLA-shaped cavity.

3. The angular position φ of the OST in degrees.

4. The axial position z of the OST in mm. The distance from the fifth equator is used.
Negative values correspond to positions in the direction of the first equator.

5. The OST detection time in ms.

1 save dir = 'cavity/';

3 % # dist angle height time(ms)

5 cavity = 'CAV00681t3';
6 comment = 'with tank, multisensor';
7 OST = [
8 1 11 137.3 293.7 11.066;
9 2 11 133.3 279.8 11.500;

10 3 11 137.3 265.9 11.900;
11 4 11 145.3 265.9 12.400;
12 5 11 149.3 279.8 12.166;
13 6 11 145.3 293.7 11.433;
14 ];

17 %% CAV00518t3
18 % cavity = 'CAV00518t3';
19 % comment = 'manual timings'
20 % OST = [
21 % 1 95 47 −442 44.1;
22 % 2 98 305 −337 38.5;
23 % 3 113 260 −229 34.0;
24 % 4 119 107 −98 30.3;
25 % 5 112 260 113 18.2;
26 % 6 93 323 245 10.2;
27 % 7 93 62 350 9.9;
28 % 8 124 101 470 14.0;
29 % 9 117 316 −444 44.5;
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30 % 10 116 103 −342 41.7;
31 % 11 98 71 −226 34.9;
32 % 12 97 324 −98 26.2;
33 % 13 103 44 121 17.4;
34 % 14 112 109 230 16.5;
35 % 15 114 259 355 9.5;
36 % 16 106 322 466 5.0
37 % ];

39 save name = strcat(cavity);
40 save name = strcat(save dir, save name,'.mat');

42 save(save name, 'cavity', 'OST', 'comment');
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A.2.2 generate maps.m

This script generates a distance map for every OST in the cavity config file. The angle
coordinate φ of the OST is not used (the same map is used if both OST have the same
h and ρ). The running time is not used, as the distance map contains only geometrical
information.

The result is stored in save dir (default value: temp). Each distance map is visualised in
a new window.

The following functions are used in this script (listed in Section A.3):

1. trace_OST_v4

2. generate_maps_for_OST

1 clear;

3 % name of the cavity config file
4 cavity = 'CAV00518t3';

6 show = 0; %visualisation of the shape and path. 0−off
7 mesh size = 10;%mm mesh size to be used (requires precalculated mesh

↪→ file)
8 angle step = 0.5;%deg angle step of the result 1 deg −> 1,8mm for

↪→ equator %180 deg −> 325 mm for equator
9 height step = 1;%mm height step of the result

10 height zero = 5;%equator number. here height =0 at equator 5

12 %−−−end of the parameters section−−−−−−−−−−−−−−−−−

14 cavity dir = 'cavity/';
15 load name = strcat(cavity);
16 cavity name = strcat(cavity dir, load name,'.mat');

18 save dir = 'temp/';
19 save name = strcat('map ',int2str(mesh size),' ', cavity);
20 save name = strcat(save dir, save name,'.mat');

22 load(cavity name, 'cavity', 'OST', 'comment');

24 disp(['Mesh size: ' num2str(mesh size)]);
25 disp('Building maps...');

27 for i=1:size(OST, 1)
28 OST distance from equator = OST(i, 2);
29 OST height raw = OST(i, 4);
30 OST angle = OST(i, 3);
31 OST number = OST(i, 1);

33 disp(['OST# ' int2str(OST number)]);
34 trace OST v4( OST distance from equator, OST height raw, mesh size,

↪→ height zero, show );
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36 [map(OST number,:,:) Z Angle ]= generate maps for OST(
↪→ OST distance from equator, OST height raw, OST angle, angle step,
↪→ height step, mesh size );

37 disp(' ');
38 end;

40 disp('Done');

42 %save the result
43 save(save name, 'map', 'Z', 'Angle', 'mesh size', 'height step', '

↪→ angle step');
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A.2.3 calculate quenchmap.m

This script generates a quench map for the set of OSTs in the cavity config file. The
precalculated distance maps are used (calculated by script generate maps.m). The result
is displayed in the plot.

The following functions are used in this script (listed in Section A.3):

1. show_result_map_v2

1 clear;

3 cavity = 'CAV00518t3'; %cavity config file

5 %next two strings will be shown in the plot. Can contain any text.
6 cavity name = 'CAV00518';
7 test name = '3';

9 thr = 10;%threshold for color. all over thr will be blue
10 speed rmse thr = 5; % for color
11 mesh size = 10;
12 curve length = round(98.5); %mm length along half−cell for TESLA 1.3GHz
13 ss vel = 19.9; %m/s second sound velocity in m/s (or mm/ms)
14 time thr = 60; %ms do not use OST with higher delay
15 time minimum = 0; %ms do not use OST with lower delay
16 distance offset = 0; %0
17 time error = 0.1;%ms for errorbar

19 %−−−end of the parameters section−−−−−−−−−−−−−−−−−

21 cavity dir = 'cavity/';
22 load name = strcat(cavity);
23 cavity n = strcat(cavity dir, load name,'.mat');

25 load(cavity n, 'cavity', 'OST', 'comment');

27 temp dir = 'temp/';
28 temp name = strcat('map ',int2str(mesh size),' ', cavity);
29 temp name = strcat(temp dir, temp name,'.mat');

31 load(temp name);

33 % finding errors from speed
34 deviation = [];
35 m = size(map,2);
36 n = size(map,3);
37 kai = zeros(m,n);
38 OST used = 0;
39 for i=1:size(OST,1)
40 OST nummer = OST(i, 1);
41 OST time = OST(i, 5);
42 if( OST time< time thr)&&(OST time>time minimum)
43 OST used = OST used +1;
44 dev = squeeze(map(OST nummer, :,:)−(OST time*ss vel));
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45 dev(abs(dev)<(time error*ss vel))=0;
46 deviation(OST nummer,:,:) = dev;
47 kai = kai+(dev.*dev);
48 end;
49 end;
50 kai = sqrt(kai/OST used);
51 %%
52 %combinations

54 %preliminary coordinates of the quench
55 [h,w] = find(kai==min(abs(kai(:))));
56 h orig = h;
57 w orig = w;

59 %% deviation thresholds
60 result = kai;
61 result(result>thr) = thr;

63 c map = flipud(jet(64));
64 c map = c map(1:56,:);

66 %define the part of the map to be plotted
67 z start = 0; %min 0
68 z stop = 1782; % max1782
69 z step = 1;

71 phi start = 0; %0 start plot from angle(deg). min 0 max 359
72 phi stop = 359;%359; stop plot at angle(deg)
73 phi step = 1;

75 angle aspect = 1.8*phi step/z step;

77 phi start=round(phi start/angle step)+1;
78 phi stop = round(phi stop/angle step);
79 phi step = round(phi step/angle step);

81 z start = round(z start/height step)+1;
82 z stop = round(z stop/height step);
83 z step = round(z step/height step);

85 show result map v2( result(z start:z step:z stop, phi start:phi step:
↪→ phi stop), angle step, angle aspect, phi start, phi stop, phi step,
↪→ z start, z stop, z step, c map, cavity name, test name, mesh size,
↪→ OST used, time thr, time minimum );

149



Appendix A. MatLAB code of the Algorithm

A.3 Functions

A.3.1 show result map v2

This function displays a colour quench map. A grid with ticks and labels is generated
and overlayed over the quench map.

The text and z-axis ticks can be disabled. The text position can be selected.

1. squeeze_axes

1 function [] = show result map v2( result, angle step, angle aspect,
↪→ phi start, phi stop, phi step, z start, z stop, z step, c map,
↪→ cavity name, test name, mesh size, OST used, time thr, time minimum )

3 curve length = round(98.5);

5 [height width] = size(result);

7 %% plotting
8 clear ylab;
9 clear yticks;

11 show z ticks = 0;
12 show text = 1;

14 angle ticks interval = 30; %deg
15 height ticks interval = 50;
16 height ticks thr = 5; % in steps

18 text position = 0; % 0 − bottom, 1 − top

20 % calculating angle interval for ticks
21 if (phi stop−phi start)<100
22 angle ticks interval = 10;
23 end;

25 to show(1,:,:) = result;
26 show title(1) = {'RMSE quench map for '};
27 show color(1) = {'RMSE, mm'};

29 handles = zeros(1, size(to show, 1));

31 xlab = [(phi start−1)*angle step:angle ticks interval:phi stop*angle step];
32 ticks = {'I1'; 'E1'; 'I2'; 'E2'; 'I3'; 'E3'; 'I4'; 'E4'; 'I5'; 'E5'; 'I6';

↪→ 'E6'; 'I7'; 'E7'; 'I8'; 'E8'; 'I9'; 'E9'; 'I10'};
33 added = 1;
34 for i=1:1782
35 if(mod(i, curve length)<1) | |(i==1)
36 n = floor(i/curve length)+1;
37 ylab{added} = ticks{n};
38 if(i==1)
39 yticks(added) = (n−1)*curve length+1;

150



A.3. Functions

40 else
41 yticks(added) = (n−1)*curve length;
42 end;
43 added = added+1;
44 elseif (mod(i, height ticks interval)<1)
45 if(show z ticks)
46 if abs(i−(floor(i/curve length)*curve length)) >

↪→ height ticks interval/3
47 ylab{added} = num2str(i);
48 else
49 ylab{added} = '';
50 end;
51 yticks(added) = i;
52 added = added+1;
53 end;
54 end;
55 end;

57 yticks = (yticks−z start)/z step+1;

59 if(text position)
60 text v align = 'top';
61 text h position = height−2;
62 else
63 text v align = 'bottom';
64 text h position = 2;
65 end;

67 figure;

69 for sh=1:size(to show, 1)
70 handles(sh) = subplot(1,size(to show, 1),sh);
71 what to show = squeeze(to show(sh,:,:));
72 h = imagesc(what to show);
73 set(gca,...
74 'XTick', [1:angle ticks interval/(phi step*angle step):width],...
75 'XTickLabel', xlab,...
76 'YTick', yticks ,...
77 'YTickLabel', ylab,...
78 'YDir', 'normal',...
79 'DataAspectRatio',[1 angle aspect 1])
80 grid on
81 hold on;
82 colormap(c map);
83 cbar = colorbar;
84 ylabel(cbar,show color(sh));
85 title (strcat(show title(sh), cavity name, ' Test: ', test name));
86 xlabel('angle, deg');
87 ylabel('z along surface, mm');
88 if(show text)
89 text(2,text h position,...
90 {['\color{white}' cavity name ' Test ' test name];...
91 ['mesh size: ' num2str(mesh size)];...
92 ['OST used: ' num2str(OST used)];...
93 ['time {min}: ' num2str(time minimum) ' sec'];...
94 ['time {max}: ' num2str(time thr) ' sec'] },...
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95 'HorizontalAlignment','left',...
96 'VerticalAlignment', text v align )
97 end;% show text
98 end; %for sh
99 squeeze axes(handles);

100 end;
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A.3.2 trace OST v4

This function generates a distance map for the OST.

The following functions are used in this function:

1. coincident_points

2. visible_from_OST_v2

3. process_graph_with_initial_distances_and_OST_size_v2

1 function [] = trace OST v4(OST distance from equator, OST height raw,
↪→ mesh size, height zero, show );

3 cells = 10; %how many cells up to calculate (10 for full 9−cell cavity)
4 OST radius = 5; %mm 5mm for normal OST, 3.5mm for multiOST
5 show rays = 0; %show each ray from OST to the surface
6 tesla r = 103.3; %radius of Equator
7 angle thr = 5;

9 disp(['OST radius: ' num2str(OST radius) ' mm']);

11 graph dir = 'graphs/';
12 mesh dir = 'meshes/';
13 map dir = 'raw maps/';

15 load name = strcat('graph ',int2str(mesh size),'mm');
16 graph name = strcat(graph dir, load name,'.mat');

18 load name = strcat('mesh ',int2str(mesh size),'mm');
19 mesh name = strcat(mesh dir, load name,'.mat');

21 load(graph name, 'rays');
22 load(mesh name, 'mesh', 'triangles', 'inner mesh', 'top');

24 %OST coordinates
25 OST = [0 0 0];
26 OST normal = [0 −1 0]; %direction of the OST

28 height zero offset= (1+height zero)*2*top;

30 OST height = height zero offset+OST height raw;
31 OST(2)=tesla r+OST distance from equator;
32 OST(3)=OST height;

34 if(show) %shows the plot with the OST and the cavity
35 figure;
36 plot3(OST(1), OST(2), OST(3), 'r*');
37 hold on;
38 end;
39 % find coincident points in top and bottom rows for connection between

↪→ cells
40 c points = coincident points( mesh(:,1:3)); %[bottom top]
41 Distances = zeros(size(mesh,1), cells);
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42 Path = zeros(size(mesh,1), cells);
43 %progress bar
44 bar = waitbar(0,'0%', 'Name','Calculating distances');
45 tic;

47 cells up = ceil(cells−height zero−OST height raw/(2*top));

49 if(cells up<0)
50 cells up=0;
51 end;

53 cells down = cells−cells up;
54 cell numer = cells−cells up+1;

56 if(cells up>0)
57 for cell = 1:cells up
58 z shift = (cell−1)*2*top+cell numer*2*top; %shift of mesh
59 OST(3) = OST height−z shift;
60 Graph = visible from OST v2( OST, OST normal, mesh, angle thr,

↪→ triangles, rays, z shift, show rays, show );
61 initial distances = zeros(size(mesh,1), 1);

63 % check which row to use as initial dist. if a new cell is above
↪→ the OST

64 % − use the top row from previous cell, else use the bottom row
↪→ from previous cell

65 if(cell>1)
66 for k=1:length( c points)
67 initial distances( c points(k, 1)) = Distances( c points(k,

↪→ 2), cell numer+cell−2);
68 end;
69 end; %if cell

71 [Dist P] = process graph with initial distances and OST size v2(
↪→ Graph, mesh(:,1:3), OST, OST normal, initial distances, show
↪→ , OST radius);

73 Distances(:, cell numer+cell−1) = Dist;
74 Path(:, cell) = P;
75 if(show)
76 trimesh(triangles,mesh(:,1),mesh(:,2),mesh(:,3)+z shift, Dist)

↪→ ;
77 disp(' ');
78 end;
79 waitbar(cell/cells, bar, sprintf('%d %%', 100*(cell)/cells));
80 % Distances
81 end;
82 end;% if cells up
83 %calculating cells below OST
84 if(cells down>0)
85 cell numer = cell numer;%

87 for cell = 1:cells down
88 z shift = (cell)*2*top;
89 OST(3) = OST height−cell numer*2*top+z shift ;
90 Graph = visible from OST v2( OST, OST normal, mesh, angle thr,
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↪→ triangles, rays, cell numer*2*top−z shift, show rays, show );
91 initial distances = zeros(size(mesh,1), 1);

93 for k=1:length( c points)
94 initial distances( c points(k, 2)) = Distances( c points(k,

↪→ 1), cell numer−cell+1);
95 end;

97 [Dist P] = process graph with initial distances and OST size v2(
↪→ Graph, mesh(:,1:3), OST, OST normal, initial distances, show
↪→ , OST radius );

98 Distances(:, cell numer−cell) = Dist;
99 Path(:, cell) = P;

100 if(show)
101 trimesh(triangles,mesh(:,1),mesh(:,2),mesh(:,3)+cell numer

↪→ *2*top−z shift, Dist);
102 disp(' ');
103 end;
104 waitbar((cell+cells up)/cells, bar, sprintf('%d %%', 100*(cell+

↪→ cells up)/cells));
105 end;
106 end;

108 toc;
109 delete(bar) ;

111 if(show)
112 axis equal;
113 end;

115 save name = strcat('raw map ',int2str(mesh size),'mm ', int2str(
↪→ OST height raw), ' ', int2str(OST distance from equator));

116 save name = strcat(map dir, save name,'.mat');

118 save(save name, 'Distances', 'Path', 'OST', 'mesh size');
119 end
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A.3.3 generate maps for OST

This function visualises a distance map for the OST.

1 function [ rotated map, map z, map angle] = generate maps for OST(
↪→ OST distance from equator,OST height raw,OST angle, angle step,
↪→ height step, mesh size )

3 curve length = 98.5;
4 angle aspect = 1.8;

6 mesh dir = 'meshes/';
7 map dir = 'raw maps/';

9 load name = strcat('mesh ',int2str(mesh size),'mm');
10 mesh name = strcat(mesh dir, load name,'.mat');

12 load name = strcat('raw map ',int2str(mesh size),'mm ', int2str(
↪→ OST height raw), ' ', int2str(OST distance from equator));

13 map name = strcat(map dir, load name,'.mat');

15 load(mesh name, 'mesh', 'triangles', 'inner mesh', 'top', 'map');

17 load(map name, 'OST', 'Distances', 'Path');

19 %transfer to the Common coordinate system
20 h OBACHT = OST height raw+8*top;

22 %% building the map
23 map angle = [];
24 map z =[];
25 map distance = [];

27 for cell = 1:10
28 dist = Distances(:, cell);
29 z = map(:,1);
30 angle = map(:,2);
31 z shift = (cell−1)*2*curve length;
32 [Angle, Z] = meshgrid(0:angle step:180, 0:height step:2*curve length);
33 V = griddata(angle, z, dist, Angle, Z);
34 Z = Z+z shift;
35 map distance = [map distance; V];
36 map z = [map z; Z];
37 map angle = [map angle; Angle];
38 end;
39 % now the half of the map is done

41 %% map contains also half cells on top and bottom
42 %cut it out
43 cut out = round(curve length/height step);

45 %cut out
46 offset = cut out*height step;
47 map z = map z(cut out+1:end−cut out,:)−curve length;
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49 map angle = map angle(cut out+1:end−cut out,:);
50 map distance = map distance(cut out+1:end−cut out,:);

52 %% adding the mirrored part
53 flip z = map z(:,2:end−1); % not to put points for 0 and 180 deg
54 flip angle = map angle(:, 2:end−1)+180;
55 flip distance = fliplr(map distance(:, 2:end−1));

57 map distance = [map distance flip distance];
58 map angle = [map angle flip angle];
59 map z = [map z flip z ];

61 %% rotate the map to the OST angle
62 rotate columnes = round(OST angle/angle step);
63 rotated map = [map distance(:,end−rotate columnes+1:end) map distance(:,1:

↪→ end−rotate columnes)];

65 max angle = 360;
66 max z = round(18*curve length);

68 ticks = [' I1'; ' E1'; ' I2'; ' E2'; ' I3'; ' E3'; ' I4'; ' E4'; ' I5'; '
↪→ E5'; ' I6'; ' E6'; ' I7'; ' E7'; ' I8'; ' E8'; ' I9'; ' E9'; 'I10'];

69 figure;
70 imagesc([0 max angle], [0 max z], rotated map);

72 title (['Distance map for OST ' 'a=' num2str(OST angle) 'deg r=' num2str(
↪→ OST distance from equator) 'mm h=' num2str(h OBACHT) 'mm']);

73 xlabel('angle, deg');
74 ylabel('z along surface');
75 zlabel('distance, mm');
76 axis equal;

78 set(gca,...
79 'XLim', [0 max angle],...
80 'XTick', [0:90:max angle],...
81 'YLim', [0 max z],...
82 'YTick', [0:curve length:max z],...
83 'YTickLabel', ticks,...
84 'DataAspectRatio',[1 angle aspect 1])
85 grid on
86 h = colorbar;
87 ylabel(h,'Distance from OST, mm');

89 end;
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A.3.4 coincident points

This function finds points on the top and bottom edges of the dumb-bell, which will
have the same coordinates after translation the dumb-bell to the next cell-position. The
distance maps of each dumb-bell will be connected together via these points.

1 function [ coincident points ] = coincident points( mesh )

3 z bottom = min(mesh(:,3));
4 z top = max(mesh(:,3));

6 bottom points = (find(mesh(:,3)==z bottom));
7 top points = (find(mesh(:,3)==z top));

9 coincident points = [];
10 for i=1:length(bottom points)
11 for j=1:length(top points)
12 if isequal(mesh(bottom points(i),1:2), mesh(top points(j),1:2))
13 coincident points = [coincident points; bottom points(i)

↪→ top points(j)];
14 end;
15 end;
16 end;%for

18 end;
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A.3.5 visible from OST v2

This function checks a visibility of points in the mesh from the OST and adds all rays for
the visible points to the rays array.

The following functions are used in this function:

1. make_cylinders

2. point_is_visible

1 function [ Graph ] = visible from OST v2( OST, OST normal, mesh, angle thr,
↪→ triangles, rays, z shift, show rays, show )

2 %checks visibility of points in mesh from OST and adds rays for visible
3 %points to Rays

5 %display rays
6 if (show)
7 disp(['Rel OST position:' num2str(OST(1)) ' ' num2str(OST(2)) ' '

↪→ num2str(OST(3))]);
8 disp('check for visible points from OST...');
9 end;

11 Points Visible = [];
12 %check for visible points from OST
13 %caps = make caps(mesh(:,1:3));
14 [cyl mesh cyl triangles] = make cylinders (mesh(:,1:3), OST);

16 for j=1:length(mesh) %j is a target point
17 target = mesh(j,1:3);
18 target normal = mesh(j,4:6);

20 %there is an artefact when the point is on the cutting edge on
21 %opposite side from OST
22 if ˜((target(1)== 0)&&(target(2)<0))
23 visible = point is visible( OST, target, OST normal, target normal,

↪→ angle thr, [mesh(:,1) mesh(:,2) mesh(:,3)], triangles );
24 if (visible)
25 % check for crossing the caps v2
26 visible = point is visible( OST, target, OST normal,

↪→ target normal, angle thr, cyl mesh, cyl triangles );

28 if (visible)
29 Points Visible = [Points Visible; 0 j];

31 if(show)
32 plot3(mesh(j,1), mesh(j,2), mesh(j,3)+z shift, 'ro');
33 end;

35 if(show rays)
36 plot3([OST(1) mesh(j,1)] , [OST(2) mesh(j,2)], [OST(3)+

↪→ z shift mesh(j,3)+z shift]);
37 end;
38 end;
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40 end; %if visible
41 end; %if target
42 end; %for j

44 Points Visible ;

46 if (show)
47 disp([int2str(length(Points Visible)) ' points are visible']);
48 end;

50 Graph = [Points Visible; rays];
51 OST;

53 end;
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A.3.6 process graph with initial distances and OST size v2

This function calculates the distance from the OST to every point in Points using Graph.
If the calculated distance value is bigger than the one in Distances, the old value is
kept.

1 function [ Distances Path] =
↪→ process graph with initial distances and OST size v2( Graph, Points,
↪→ Zero point, OST normal, Distances, show, OST radius )

3 %use only 90% of the OST radius
4 OST radius = OST radius*0.9;

6 Path = −ones(size(Points,1), 1);

8 if (show)
9 disp('Calculating distances...');

10 end;

12 points to check = [0]; %start with 0 point − root of the graph
13 pp = find(Distances>0);
14 points to check = [points to check; pp];
15 a = 0;
16 offset = [];

18 while (length(points to check))
19 a = a+1;
20 %take first point from the list
21 point = points to check(1);
22 %remove current point from the list
23 points to check = points to check(2:end);
24 distance to point = 0;

26 if(point == 0)
27 Coordinates = Zero point;
28 else
29 Coordinates = Points(point,:);
30 distance to point = Distances(point);
31 end;

33 %search rays containing this point
34 [rays place] = find(Graph == point);

36 for i=1:length(rays)
37 if(place(i)==1)
38 pair = 2;
39 else
40 pair = 1;
41 end;

43 target = Graph(rays(i), pair);

45 %do not recalculate distance to root
46 if(target)
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47 % target coordinates = Points(target,:)
48 % Use the real OST size
49 if(point == 0) %if ray goes connected to OST
50 %find the angle between Ray and OST normal
51 direction = Points(target,:) − Coordinates;
52 %find projection on X−Z plane
53 direction proj = [direction(1) direction(3)];
54 %normalizing projection
55 nnn = norm(direction proj);

57 if(nnn>0)
58 proj norm = direction proj./nnn;
59 %move the OST in the direction of the projection
60 direction = abs(direction − OST radius*([proj norm

↪→ (1) 0 proj norm(2)]));
61 end;

63 distance = sqrt(direction*direction');
64 else
65 distance = abs(Points(target,:) − Coordinates);
66 distance = sqrt(distance*distance');
67 end;
68 %add distance to the point itself
69 distance = distance + distance to point;
70 was = Distances(target);

72 if(Distances(target)==0) | |(Distances(target)> distance)
73 Distances(target) = distance;
74 Path(target) = point;

76 if(isempty(find(points to check == target))) %was ˜
↪→ length

77 points to check = [points to check; target];
78 end;
79 end;
80 end;
81 end %for

83 points to check ;
84 end; %while

86 if (show)
87 disp(['Done. Iterations: ' int2str(a)]);
88 end;

90 end
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A.3.7 make cylinders

This function creates cylinders above and below the dumb-bell in order to prevent ray-
tracing through the inner space of the neighbouring cells.

1 function [ caps triangles] = make cylinders ( Points, OST )

3 z(1) = min(Points(:,3));
4 z(2) = max(Points(:,3));
5 OST shift = [−1; 1];

7 if(OST(3)>z(2))
8 OST shift(2) = OST(3)−z(2);
9 elseif (OST(3)<z(1))

10 OST shift(1) = OST(3)−z(1);
11 end;

13 caps = []; % bottom (1) and top (2) rows
14 triangles = [];

16 for l=1:2
17 p = find(Points(:,3) == z(l));
18 cap = [];

20 for i=1:length(p)
21 cap = [cap; Points(p(i),:)];
22 end;
23 % make triangles
24 tri = [];

26 for i=2:length(cap)
27 triangle 1 = [(i−1) (i) (i−1)+length(cap)];
28 triangle 2 = [(i)+length(cap) (i) (i−1)+length(cap)];
29 tri = [tri; triangle 1; triangle 2];
30 end;

32 cap shifted = cap;
33 cap shifted(:,3) = cap shifted(:,3)+ OST shift(l);
34 cap = [cap; cap shifted] ;
35 triangles = [triangles; tri+size(caps,1)];
36 caps = [caps; cap];
37 end; %for

39 %visualisation
40 % figure;
41 % trimesh(triangles,caps(:,1),caps(:,2),caps(:,3));
42 % axis equal;
43 end;
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A.3.8 point is visible

This function checks if the target point is visible from the origin point.

The sequence of the checks:

1. Checking an angle between the ray and the normal-vector for the origin point.

2. Checking an angle between the ray and the normal-vector for the target point.

3. Checking for crossing any triangle from tri array.

Functions used in this function:

1. intersect_triangle

1 function [ visible ] = point is visible( origin, target, origin normal,
↪→ target normal, angle thr, all points, tri )

3 visible = 0;
4 %take vector on point
5 direction = target−origin;
6 leng = sqrt(direction*direction');
7 %check angle between vector and normal of origin point
8 angle = acosd(dot(direction, origin normal)/(norm(direction)*norm(

↪→ origin normal)));

10 if (angle <= 90+angle thr)

12 %check angle between vector and normal of target point
13 angle target = acosd(dot(direction, target normal)/(norm(direction)*

↪→ norm(target normal))) ;

15 if (angle target >= 90−angle thr)
16 intersection = 0;
17 %check intersection for all triangles except
18 %which contains the target point as corner
19 for n triangles=1:length(tri)
20 triangle = tri(n triangles,:);
21 vert1 = all points(triangle(1),:);
22 vert2 = all points(triangle(2),:);
23 vert3 = all points(triangle(3),:);

25 if(˜(isequal(target, vert1)))&&(˜(isequal(target, vert2)))&&(˜(
↪→ isequal(target, vert3)))

26 if(˜(isequal(origin, vert1)))&&(˜(isequal(origin, vert2)))
↪→ &&(˜(isequal(origin, vert3)))

27 if (intersection == 0)
28 [intersection distance] = intersect triangle(origin

↪→ , direction, vert1, vert2, vert3);

30 if(intersection)
31 if(leng−abs(distance)<0) | |(distance<0) %

↪→ distance<0 if triangle is in opposite
↪→ direction

32 intersection = 0;
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33 end;
34 end; %if intersection
35 else
36 break;
37 end;
38 end; %if origin
39 end; % if target
40 end; %for n triangles
41 %if no intersection − visible
42 if (intersection == 0)
43 visible = 1;
44 end;
45 end;
46 end; %if angle

48 end
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A.3.9 intersect triangle

This function checks the intersection of the vector (orig, dir) and the triangle (vert0,
vert1, vert2). The function is based on the paper of Tomas Moeller et al [183].

1 function [a t] =intersect triangle(orig, dir, vert0, vert1, vert2)%, *t, *u
↪→ , *v)

2 %returns 1 if intersects, and 0 if not
3 t = 0;
4 Epsilon = 0.000001;
5 %normalize direction vector
6 dir = dir/norm(dir);
7 %find vectors for two edges sharing vert
8 edge1 = vert1−vert0;
9 edge2 = vert2−vert0;

10 %begin calculating determinant N, also used to calculate U parameter
11 pvec = cross(dir, edge2);
12 %if determinant is near zero, ray lies in plane of triangle
13 det = dot(edge1, pvec);

15 if((det > −Epsilon)&(det < Epsilon))
16 a=0;
17 else
18 inv det = 1/det;
19 %calculate distance from vert to ray origin
20 tvec = orig − vert0;

22 %calculate U parameter and test bounds
23 u = dot(tvec, pvec)*inv det;
24 if((u <0) | |(u>1))
25 a=0;
26 return;
27 end;

29 %prepare to test V parameter
30 qvec = cross(tvec, edge1);
31 %calculate V parameter and test bounds
32 v = dot(dir, qvec)*inv det;

34 if ((v<0) | |((u+v)>1))
35 a=0;
36 return;
37 end;
38 %calculate the distance t, where the ray intersects the triangle
39 t = dot(edge2, qvec)*inv det;
40 a=1;
41 end;%if

43 end
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A.3.10 squeeze axes

This function removes the empty space around the plot. The function is written by
W.S.Freund [194].

1 function squeeze axes(handles)
2 %
3 % squeeze axes(handles) Squeeze axes to remove dead space.
4 %
5 % Inputs:
6 %
7 % −> handles: the subplot axes handles organized as a grid. I.e.
8 % handles(1,1) is the axes in the first line and first column, whereas
9 % handles(4,4) is the axes in the forth line and forth column.

11 % − Creation Date: Mon, 16 Sep 2013
12 % − Last Modified: Tue, 17 Sep 2013
13 % − Author(s):
14 % − W.S.Freund <wsfreund at gmail dot com>

16 % TODO: Make squeeze axes compatible with axes that occupy multiple
17 % subplot places.

19 nHorSubPlot = size(handles,2);
20 nVertSubPlot = size(handles,1);

22 subplotWidth = 0.9/nHorSubPlot;
23 subplotHeight = 0.9/nVertSubPlot;

25 botPos = linspace(1−subplotHeight,0,nVertSubPlot);
26 leftPos = linspace(0,1−subplotWidth,nHorSubPlot);

28 for curLine=1:nVertSubPlot
29 for curColumn=1:nHorSubPlot
30 curAxes = handles(curLine,curColumn);
31 if curAxes
32 % Set OuterPosition to occupy as most space as possible
33 curAxesOuterPos = [leftPos(curColumn) botPos(curLine) subplotWidth

↪→ ...
34 subplotHeight];
35 set(curAxes,'OuterPosition',curAxesOuterPos);
36 % Remove dead space inside subplot border:
37 % curAxesTightPos=get(curAxes,'TightInset');
38 % noDeadSpacePos = curAxesOuterPos + [curAxesTightPos(1:2) ...
39 % −(curAxesTightPos(1:2) + curAxesTightPos(3:4))];
40 % set(curAxes,'Position',noDeadSpacePos)
41 end
42 end
43 end

45 end
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A.3.11 build graph v7

This function builds the Graph.

The following functions are used in this function:

1. point_is_visible

1 function Rays = build graph v7(Points, Normals, Triangles, Inner mesh, top,
↪→ angle thr, distance to neighbour, show point, save every points)

2 % Points − points (x y z)
3 % Normals − normal vectors (x y z)for points
4 % Triangles − triangles (point1ID point2ID point3ID)

6 temp dir = 'temp/';
7 file name = 'temp graph';
8 load name = strcat(temp dir, file name,'.mat');

10 Rays = []; % all connected points
11 rays checked = [];

13 bar = waitbar(0,'Building graph...');
14 steps = length(Points);
15 start = 1;

17 if(save every points)
18 load(load name, 'Rays', 'rays checked', 'start');
19 disp(['file loaded. last point: ' int2str(start)])
20 bar2 = waitbar(0,'Building graph...');
21 tic;
22 end;

24 for i=start+1:steps
25 %take one point % i − is a number of point taken
26 % add direct neighbours
27 Direct n = []; %direct neighbours
28 Points Visible = [];

30 for j=i:length(Points) %j is a target point
31 if (j˜=i)%compare only different points and not already in visible

↪→ list
32 %check for direct neighbour threshold
33 distance = Points(j,:) − Points(i,:);
34 distance = sqrt(distance*distance'); %take the distance

36 if(distance <= distance to neighbour)
37 Points Visible = [Points Visible; j]; % neighbour is

↪→ visible
38 if (i==show point)
39 Direct n = [Direct n; j]; % only for visualisation
40 end;
41 else
42 visible = point is visible( Points(i,:), Points(j,:),

↪→ Normals(i,:), Normals(j,:), angle thr, Points,
↪→ Triangles );
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44 if (visible)
45 visible inner = point is visible( Points(i,:), Points(j

↪→ ,:), Normals(i,:), Normals(j,:), angle thr,
↪→ Inner mesh, Triangles);

46 if(˜visible inner)
47 %here can be some error check
48 else
49 Points Visible = [Points Visible; j];
50 end;
51 end;
52 end; % if distance, else
53 end %if j˜=i
54 end %for j

56 Rays = [Rays; ones(length(Points Visible),1)*i Points Visible];
57 %% visualization
58 if (i==show point)
59 hold on;
60 for g=1:length(Direct n)
61 a = Direct n(g);
62 plot3(Points(a,1), Points(a,2), Points(a,3), 'r*');
63 end

65 hold on;
66 for g=1:length(Points Visible)
67 a = Points Visible(g);
68 plot3(Points(a,1), Points(a,2), Points(a,3), 'bo');
69 % rays
70 plot3([Points(i,1) Points(a,1)] , [Points(i,2) Points(a,2)], [

↪→ Points(i,3) Points(a,3)]);
71 end

73 hold on;
74 plot3(Points(i,1), Points(i,2), Points(i,3), 'ro');
75 end; %show point

77 waitbar(i/steps, bar);
78 disp([int2str(i) ' points done']);
79 if(save every points)
80 waitbar((i−start)/save every points, bar2);
81 if((i − start) >= save every points)
82 start = i;
83 save(load name, 'Rays', 'rays checked', 'start');
84 disp(['file saved. last point: ' int2str(start)])
85 toc;
86 tic;
87 end;
88 end;
89 end %for i

91 close(bar) ;
92 end
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A.3.12 graph check for double

This function checks the duplicated rays in the Graph.

1 function [ rays checked ] = graph check for double( rays )
2 %checks for duplicated links
3 %ray: 1 2
4 %will check for rays 1 2 and 2 1

6 rays checked = [];
7 duplicates found = 0;
8 for i=1:size(rays, 1)
9 [in rays place] = find(rays == rays(i,1));

10 pair = rays(i, 2);
11 a=0;
12 for k=1:length(in rays)
13 if(in rays(k)>i) %do not check previously checked and self
14 if(place(k)==1)
15 a = rays(in rays(k),2);
16 else
17 a = rays(in rays(k),1);
18 end;
19 if(a == pair)
20 break;
21 end;
22 end;
23 end;
24 if(a˜=pair)
25 rays checked = [rays checked; rays(i,:)];
26 else
27 duplicates found = duplicates found+1;
28 end;
29 end;

31 disp(['Duplicates found: ' int2str(duplicates found)]);

33 end
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A.3.13 curve

This function creates a function r(z) with a 2-dimensional shape of a TESLA-cavity
half-cell with the parameter z. This function is based on the code of Felix Schlander
[176].

1 function r=curve(z)
2 % Parameters as given by the TESLA Design paper
3 a=12;
4 b=19;
5 R=42;
6 i=0;
7 % radius of cut−off tube
8 co=35;
9 r=co.*(z<0);

10 r=r+((Rˆ2 − ((z).ˆ2)).ˆ.5 + 61.3).*(z>=(0) & z<(40.7));
11 r=r+(4.2274*((−z))+243.751).*(z>=(40.7) & z<(46.4));
12 r=r+(((−1)*(b.ˆ2 − ((b.ˆ2.*((−57.7+(i+1).*115.4)−z).ˆ2)/(a.ˆ2))).ˆ.5)+b+co)

↪→ .*(z>=(46.4) & z<=(57.7));

14 end
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A.3.14 rotate curve v2

This function rotates a flat r(z) curve around the axis z to generate a 3D shape of the
half-cell.

1 function [ mesh map] = rotate curve v2( points, threshold )

3 mesh =[];
4 map = [];
5 for i=1:size(points,1)
6 r = points(i, 1);
7 %calculate angle for minimum distance
8 angle step = 360*threshold/(2*pi*r);
9 angle step = 180/(ceil(180/angle step));

10 nx = points(i, 5);
11 ny = points(i, 4);
12 nz = points(i, 6);

14 for n=0:angle step:180
15 s = sind(n);
16 c = cosd(n);
17 %point coordinates
18 x = r*s;
19 y = r*c;
20 %normal vector
21 %rotation matrix (vertical axis z)
22 R = [c −s; s c];
23 nn = [nx ny];
24 nn = nn*R;
25 nn = [nn(1) nn(2) nz];
26 nn = nn/norm(nn);
27 mesh = [mesh; x y points(i, 3) nn(1) nn(2) nn(3)];
28 map = [map; points(i, 7) n];
29 end;
30 end;
31 end
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A.3.15 flip mesh

This function mirrors the mesh of the half-cell and creates a mesh for the second half of
the dumb-bell.

1 function [ mesh flipped top row] = flip mesh( mesh, top )

3 mesh flipped = [];
4 %find top points
5 [top row b] = find(mesh(:,3)==top);

7 for i=1:length(mesh)
8 if( ˜(length(find(top row==i))))
9 row = mesh(i,:);

10 %flip Z
11 row(3) = 2*top−row(3);
12 %flip Z for normal vector
13 row(6) = −row(6);
14 mesh flipped = [mesh flipped; row];
15 end;%if
16 end;
17 end
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A.3.16 flip map

This function mirrors the map of the half-cell and creates a map for the second half of
the dumb-bell.

1 function [ map flipped ] = flip map( map, top row, curve length )

3 map flipped = [];
4 %find top points
5 for i=1:length(map)
6 if( isempty(find(top row==i, 1)))
7 m = map(i,:);
8 map z = map(i,1);
9 %flip Z

10 m(1) = 2*curve length−map z;
11 map flipped = [map flipped; m];
12 end;%if
13 end;
14 end
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A.3.17 tri remove artefacts

This function excludes redundant triangles from the half-cell mesh.

1 function [ triangles ] = tri remove artefacts( tri, top row )
2 %finds triangles with only top points
3 triangles = []; %sorted triangles from tri

5 for i=1:length(tri)
6 for point = 1:3
7 %serch triangle point in top points
8 [k, l] = find(top row==tri(i, point));
9 if (˜length(k))

10 break;
11 end
12 end;
13 if (˜length(k)) %if NOT( all 3 points in triangle are in top list)
14 triangles = [triangles; tri(i,:)];
15 end;

17 end;

19 end
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A.3.18 tri connect

This function connects the two half-cell meshes in a single mesh.

1 function [ tri ] = tri connect( tri, list, offset )
2 %shift points for triangles except the row which is attached to previous
3 %part of mesh

5 for i=1:length(tri)
6 for point = 1:3
7 %serch triangle point in top points
8 [k, l] = find(list==tri(i, point));
9 if (˜length(k))

10 tri(i, point) = tri(i, point)+offset;
11 end
12 end;
13 end;

15 end
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Drawings of the Multi-OST

The layout of a multi-OST is sketched in Fig. B.1. It consists of an aluminum housing
of 52 mm in diameter with 6 bronze anodes each of 7 mm diameter. The anodes are
isolated from the housing by STYCAST™thermally conductive epoxy and are connected
to wires by SMA connectors. Each anode is covered by a gold-coated porous polycarbonate
membrane. This gold coating serves as a cathode. All membranes are fixed with a single
aluminum cap which has 6 holes each of 10 mm diameter to expose the membranes to
helium.

Figure B.1: Schematic view of the Multi-OST with OST positions (left) and a photograph
of the Multi-OST installed in the nozzle tank tube of the dummy helium vessel (right).
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Figure B.2: Drawing of the housing of the Multi-OST.
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Figure B.3: Drawing of the cap of the Multi-OST.
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Appendix B. Drawings of the Multi-OST
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Figure B.4: Drawing of the anode of the Multi-OST.
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