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Abstract

The longest linear accelerators reach the length of a few kilometres. One of them is
a part of the European X-ray Free Electron Laser (E-XFEL) infrastructure, starting from
Deutsches Elektronen-Synchrotron (DESY) facility in Hamburg and ending in the next land
Schleswig-Holstein. The E-XFEL total length is 1.7 km and the nominal electron beam
energy is 17.5 GeV. The main elements of the E-XFEL linear accelerator are accelerating
cryomodules. The E-XFEL cryomodule consists of 8 Superconducting Radio Frequency
(SRF) cavities operating at the resonant frequency of 1.3 GHz.

One of the challenges of the initial phase of the E-XFEL project was the qualification
tests of accelerating components. The qualification tests were performed for 800 cavities
and 100 serial-production cryomodules as well as 3 pre-series cryomodules. The cryomod-
ule tests consisted of low and high power groups of Radio Frequency measurements. The
first group of measurements was performed with the use of the Vector Network Analyzer
to measure the Fundamental Modes and Higher Order Modes. The second group of mea-
surements was performed with the high power, namely with the use of the pulsed power
amplifiers (klystrons). The aim of these measurements was to validate the cavities nominal
parameters: the accelerating gradient and the own quality factor.

In this dissertation the quality assurance and control methods for serial production of
SRF' cavities assembled in cryomodules is presented. The author’s contribution to this
work was realized by the optimization of the testing methodology and implementation
of the automated software for the E-XFEL project. The main profits from this work was
assuring the repeatability of measurements by minimizing of human’s errors, which resulted
in keeping of the project’s deadlines.
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Introduction

The longest linear accelerators reach the length of a few kilometres. One of them is
a part of the European X-ray Free Electron Laser (E-XFEL) infrastructure, starting from
the Deutsches Elektronen-Synchrotron (DESY) facility in Hamburg and ending in the next
land Schleswig-Holstein. The E-XFEL total length is 1.7 km and the nominal electron
beam energy is 17.5 GeV [1]. One of the challenges of the initial phase of
the E-XFEL project was the qualification tests of accelerating components. During the
E-XFEL construction phase in 2010-2016 a group of physicists and engineers from the In-
stitute of Nuclear Physics of the Polish Academy of Sciences (IFJ PAN), Krakéw, Poland,
participated in two, partially overlapping, test campaigns of the serial-production accel-
erating components. The first one concerned measurements of Superconducting Radio
Frequency (SRF) 9-cell Tera-Electronvolt Superconducting Linear Accelerator (TESLA)
type cavities. The second test campaign was devoted to test the cavities assembled in
the accelerating cryomodules. Each of the E-XFEL accelerating cryomodule consists of 8
TESLA type cavities.

The author participated actively in the cryomodule test campaign. During the first
two years (2010-2011) the author took part in the training tests of pre-series cryomodules
and in the development of the software, what was of prime importance for the cryomodule
test campaign in the years 2012-2016. The tests were performed in the dedicated test in-
frastructure built in DESY: Accelerator Module Test Facility (AMTF). The test campaign
covered: the installation of the components in the test-stands, Radio Frequency (RF) mea-
surements at 300K, cool-down of the components to the cryogenic temperatures, and RF
measurements at 2K.

This thesis presents the quality assurance and the control methods for a big set of
serially produced cryomodules. These methods were developed by the author during the
preparatory phase of the project (2010-2011). The author’s contribution to this work
was realized by the optimization of the testing methodology and implementation of the
automated software for the E-XFEL project. The main profits from this work for the
project was assuring the repeatability of measurements by minimizing of human’s errors,
which resulted in keeping of the project’s deadlines.
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In the first chapter, an overview of the E-XFEL project is presented. The second chapter
briefly sets out the principles and selected topics concerning the particle acceleration with
the use of the RF technology. Further, the main parameters of the cavities are described:
the mode concept, the frequency, the cell shape, the quality factors, the geometric shunt
impedance, and the accelerating gradient. The choice criteria of the superconducting
technology for E-XFEL and their justification are discussed as well. Finally, the values of
the main parameters for the E-XFEL SRF cavities are presented.

In the third chapter the measurements methodology is systematized. The infrastruc-
ture for testing of the accelerating components (cavities and cryomodules) at DESY is
presented. The author focuses on the measurements of the E-XFEL cavities installed in
the cryomodules (called also cryomodule measurements). However, for completeness, sin-
gle cavities tests (which were performed before their assembly in the cryomodules) are also
included in this thesis. The results of single cavities tests are used later as a reference for
the cryomodule measurements. 800 cavities were tested under the similar conditions, when
measured individually and in the cryomodules.

The whole tests procedures, for both single cavities and cryomodules, consisted of
steps, which were defined by the power applied to the tested components, namely low and
high power tests. The low power tests covered measurements of characteristic frequencies
and amplitudes of EM field in the cavities. The high-power tests covered validation of
the quality factors and the accelerating gradient. Moreover, the 3rd chapter introduces
selected elements of the theory of the pulsed RF signals and clarifies the calculation of
the parameter called Kp. Next, the measurement called Flat-Top, performed in order to
determine the operating accelerating gradient, is described. Then, the evaluation of the
thermal heat loads during normal cryomodule operation is shown.

The fourth chapter presents three software packages, which were developed and imple-
mented by the author in order to guide and optimize the measurement procedures. In this
work the author profited from the expertise of DESY, one of the leading European center
for accelerator physics. The packages are related to the measurements called the Funda-
mental Mode (FM) spectrum and Higher Order Mode (HOM) spectra. The accelerating
cavity exposed to the pulsed RF signal from the klystron requires dynamic fine adjustment
of its length, which was provided by another dedicated package designed and successfully
implemented by the author. It has been shown that the developed method with the use of
these software packages allowed for efficient measurement and evaluation of FM and HOM
spectra. Moreover, on the basis of the measurement results, the correctness of the cavity
geometry compensation method in response to the high power RF pulse was demonstrated.

The fifth chapter summarizes the optimization of the testing methodology and auto-
mated software. Finally, the future plans are presented.



Chapter 1

The E-XFEL project overview

The European X-ray Free Electron Laser (E-XFEL) placed in Hamburg, Germany,
is a research facility constructed to provide “ultrashort X-ray flashes with brilliance of
10% times higher than conventional X-ray radiation sources” [2]. The comparison to the
existing infrastructures is presented in the Figure 1.1. The circular type electron
accelerators (e.g. Petra synchrotron at DESY) have limitations in delivery of high energy
and high intensity beam, mainly due to the bremsstrahlung. In order to achieve the higher
electron energies either the circular accelerator with higher radius or a linear accelerator
is needed. The high energy and high intensity electron beams are required to achieve the
final product: high X-ray radiation. The linear accelerator was chosen for E-XFEL and
for its demonstrator called the Free-Electron Laser in Hamburg (FLASH).
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Figure 1.2: The E-XFEL tunnel facility [1].

The E-XFEL (see Figure 1.2) injector is located in DESY-Bahrenfeld. This part of
infrastructure produces the beam of electrons with the use of the RF gun, in which an
electrode is exposed to a UV laser pulse. In consequence the electrons are ejected from
electrode surface, compressed and pre-accelerated [2]. Further, the electrons are accelerated
in the main part of E-XFEL - linear accelerator (linac), which is installed in the tunnel
from DESY-Bahrenfeld to Osdorfer Born. The E-XFEL accelerator consists nominally of
100 RF (1.3 GHz) accelerating cryomodules [2]. They are used to ramp the energy of
electrons to its nominal value of 17.5 GeV. The cryomodules are the major part of the
E-XFEL and this dissertation is focused on their testing. The next section of E-XFEL
contains devices to produce the X-ray radiation with the use of the accelerated electrons.
The electrons are wiggling in the specific component called undulator (Fig. 1.3), which
provides the sinusoidal magnetic field so that the FEL process can take place [3]. During
this operation the Rontgen radiation is produced and delivered to the several experimental
station (located in Schenefeld, Schleswig-Holstein). The whole infrastructure, in which a
light is produced from electrons with the use of the undulators, is called the Free Electron
Laser (FEL) [5].

In the classical laser some radiation feed is needed to stimulate the emission of photons,
which are amplified with use of mirrors [2]. In the case of FEL, the electron bunch passes
the undulator’s magnetic field and emits photons which are travelling with the speed of
light, faster then the bunch. Matching the electron beam parameters with field parameters
of undulators one may reach resonant conditions allowing for spontaneous self-amplification
(SASE) of the photon bursts [6].

To summarize, the E-XFEL infrastructure combines features of a laser and a microscope
[7]. As a laser it emits monochromatic, coherent and directional radiation. As a micro-
scope, the X-ray wavelengths allows to analyse the structure of objects down to atomic
resolutions. Therefore E-XFEL provides excellent research opportunities for scientists in
physics, chemistry, materials science and biology [2].
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Figure 1.3: SASE principle in the undulator [1].

The main areas of application of the E-XFEL light product are given by the names of
experimental stations proposed for the E-XFEL [2]:

e Femtosecond X-ray Experiments : time examination of the dynamics of solids, liquids,
gases

e Single Particle & Biomolecules : visualization of single particles, clusters and biomolecules

e Small Quantum Systems : tests of atoms, ions, molecules and clusters under intense

fields

e Spectroscopy & Coherent scattering : measurements of biological objects using soft
X-rays

e Materials Imaging & Dynamics : experiments on nanodevices and their dynamics

e High Energy Density Science : examination of matter under hard X-ray
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1. The E-XFEL project overview




Chapter 2

SRF linear accelerator for the
E-XFEL project

In this chapter some basic information on linear accelerators of particles is presented.
The main emphasis is placed on devices which operate with sinusoidally varying RF elec-
tromagnetic fields. Such fields in free space are characterized by the vectors of electric E
and magnetic B fields perpendicular to the direction of the wave’s propagation. They are
called TEM - transverse electromagnetic type of the field. In order to use TEM for the
acceleration of a charged particle, one has to "tailor” the field to have the electric field
component oriented towards the particle’s direction of movement (see equation (2.1)). The
TEM field formation is possible in waveguides with conductive boundaries which eventu-
ally evolved into resonators. The E-XFEL superconducting cavities, originally developed
at DESY for the TESLA project [8], are excellent examples of such resonators.

2.1 Particle acceleration using resonant cavities

The principle of acceleration is described by the Lorentz force. A particle with the
charge ¢ moving with some velocity v in the electromagnetic field (E, B), experiences the
force F [6]:

F=¢E+v xB) (2.1)

The magnetic field component B acts on a charged particle with the force F (eq.(2.1))
which is perpendicular to the direction of the particle’s velocity v [9]. This feature is used
for "optical” treatments (focusing, defocusing, trajectory control) of groups of charged
particles called beams.
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The maximal energy gain AW by the charged particle, i.e. the work done by the E
field component when the particle moves from point p; to point ps, can be expressed as:

P2 P2
AW = / Fdl = q/ Edl = qV,e. (2.2)
p1 p1

where V.. is the accelerating voltage.

For a time-dependent field, propagated in complex accelerating structures, the analysis
and determination of the V.. becomes complicated [9-13]. In the following section, the
explanation of the basic principles of operation of such structures with some emphasis on
quantities and parameters relevant for the main subject of this work is provided. Many of
the linear accelerator structures have been developed and built, starting from the pioneer
drift tube linacs. The theory and implementation of the recent special waveguides, such as
resonating cavities, have progressed considerably, particularly for the electron machines.

Inside a waveguide (empty space surrounded by e.g. rectangular conducting walls),
the fields are described by the Maxwell equations:

16
B- —-——E-= B = 2.
V x 25 0 \Y 0 (2.3)
o
VxE+EB:O V-E=0 (2.4)

where ¢ is the speed of light in vacuum. From the Maxwell equations one can obtain
the wave equations (four dimensional Laplace equations) separately for the electric and
magnetic field components:

1 d’E
2 —
) 1 d’°B

It is noteworthy that all equations describing the both fields are linear. So, any two
solutions can be linearly superposed. Also, superposition at different frequencies is possible,
which enables the application of Fourier transforms. The Fourier transforms are very useful
tools allowing to describe various solutions either in the frequency or in the time domain.

A good insight into the phenomenon of the electromagnetic (EM) wave propagation
along, e.g. the waveguide, might be obtained while considering the superposition of two
plane waves (being simple solutions of the above wave equations) [10]. Both are polarized
in y direction and are propagating in x-z plane at an angle +¢ with respect to the axial
direction z (for the purpose of simplicity, the rectangular waveguide is considered). This is
equivalent to the consideration of an oblique incidence of a wave (polarized in y direction)
on perfectly conducting walls of the waveguide. The direct and reflected waves will interfere
in the same way. In both cases, the resulting wave pattern is travelling in z direction and
forming a standing wave pattern in the x direction. That is easily demonstrated with
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the following equations describing the superposition of two plane waves travelling in +¢
directions, oscillating at frequency w:

Ey+ o« sin(wt — k.2 + k x) (2.7)
E,- x sin(wt —k,z — k) (2.8)
E,+ + E,- = 2sin(wt — k.z)cos(k.) (2.9)

In the above equations symbols k, and k., are the components of E, the wave vector,
which points to the direction of the wave propagation. Its length measures the phase shift
per unit length in this direction.

k., = kcos(¢) ki = ksin(¢) (2.10)

21w
k= = (2.11)
It is important to observe, that the distance between two adjacent wave crests in the
z-direction (propagation direction) is longer than the actual wavelength A. It means that
the wave moves into this direction with the phase velocity v, . greater than the velocity of

light c:
w c

Ve = k. cos(o)

There are many positions of reflecting walls for which forming the standing wave pattern
is possible, as the equation cos(k;) = 0 has many solutions. The solutions correspond to a
different number of half-waves in the transverse direction. Each one represents a different
waveguide mode. Our simplified example, according to an effective nomenclature, refers to
the T'E,o mode. For example, a traverse polarization direction k; has been selected. More
generally, TE,,, or T'M,,, symbols for a rectangular waveguide refer to TE or TM fields,
where m and n are the numbers of half waves in the x and y direction, respectively. In case
of cavity modes, a third subscript is added, indicating the number of half wavelengths in
the propagation direction. When these modes describe the configuration of electromagnetic
fields in the cavity, they are called cavity modes.

More realistic considerations refer to circular (or cylindrical) waveguides. Many RF
cavities are based on the simple cylindrical shape of a metallic cavity with conducting
walls placed at z=0 and z=L (see Fig.2.1). Within perfect conducting walls, electric fields
parallel to the metallic surface vanish. Magnetic fields perpendicular to a metallic surface
vanish as well (from Maxwell equations we obtain: n-B =0, n x E = 0).

To accelerate particles, the EM waves have to be confined to e.g. a cylindrical cavity in
order to generate an electric field along the direction (z direction) of the particle motion.
The wave equation in the cylindrical coordinates for F, can be written as:

(2.12)

2p. 1 E 1 O?°E 1 0?E
OE; 2(7"8 ) OFE, 19 =0 (2.13)

02 ror\"or ) T T @ o
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Figure 2.1: The cylindrical pillbox RF cavity model

This wave equation has an infinite number of solutions. One may show (e.g. [9, 15]),
how the above mentioned boundary conditions (n-B = 0, n x E = 0), practically related to

the cavity geometry, determine the spectra of operating frequencies of a cylindrical cavity.
The simplest example applies in the following: azimuthally symmetric, standing wave:

E.(r,z,t) = EgR(r)cos(wt) (2.14)
where the R(r) is a function dependent on r. Applying (2.14) to (2.13) gives the
equation for R(r):

(12_R 1dR

——4+R=0
dx2+xdx+

(2.15)
where © = wr/c and the solution for the longitudinal field is the zero order Bessel
function Jy(wr/c):

E, = EyJo(wr/c)cos(wt)
One of the boundary conditions says: E, must vanish at the cavity radius, E,(r =

(2.16)
R) = 0. It can be only satisfied if the Bessel function equals zero i.e. Jo(w.R/c) = 0. The
first zero of Jy is at 2.405, which means that

we = 2.405¢/ R
condition.

(2.17)
and that for a given radius R there is only a single frequency satisfying the boundary
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Continuing that example one can apply the Ampere’s law to find a magnetic field raised

by the Ey: B
L E
S

where:
® /i is the permeability of vacuum,
® £y is the permittivity of vacuum.

One may find that the corresponding magnetic field is:
By = —(Ey/c)Ji(k,)sin(wt) (2.19)

where k, = 2.405/R. Equations 2.16 and 2.19 form one particular solution of normal modes
of a cylindrical cavity’s oscillation. This is a T'My;o - Transverse Magnetic mode because
the axial magnetic component B, is zero. For cylindrical cavities, subscripts mnp in the
symbol T'M,,,, mean (and also for T'E,,,,):

e m full-period variation in 6
e 1 zeros of the axial field component in radial direction
e p half-period variations in z

The Transverse Magnetic are the most frequently used modes in RF cavities for accel-
erating of a beam. The T My is the mode with the lowest frequency among all the modes.
The mode with the lowest frequency is called the Fundamental Mode (FM). T My;o has the
maximum of an electric field component on the Z axis, and the magnetic field is rotating
around electric component with no effect on particles in the centre. Other modes are called
Higher Order Modes (HOMs). One may also find the nomenclature: monopole mode for
m=0, dipole mode for m=1, quadrupole mode for m=2, etc. Some of them are detrimental
for the beam and, for example, HOMs increase the thermal load or cause the loss of the
beam. Their excitation may be overcome, for example, by using HOM couplers (antennae)
in order to extract them from the cavity.

2.2 Multicell cavity structure

There are several different shapes of the standing wave accelerating cavities [10, 17, 18].
For the TESLA type cavities, an elliptic geometry was chosen because such geometry al-
lows for the effective reduction of the multipacting process. The multipacting is a serious
limitation for cavities, especially those working at high accelerating gradients. The mul-
tipacting is an electron discharge due to the interaction with the cavity walls, appearing
when electrons are emitted synchronously with the RF field and multiply at the impact
with the cavity walls.
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Figure 2.2: The E-XFEL type cavity [16].

It is typical that the accelerating cavities are connected together in a line (string), so

that the RF cavity consists of many "cells”. The E-XFEL accelerating cavity consists of
9-elliptical-cells (9 cavities) connected in a string (see Figure 2.2). It is a result of R&D on
costs and field effect, performed for predecessor project called TESLA [8]. The technology
developed for TESLA project was adopted and used in E-XFEL. In order to reduce the
costs of the project, the number of cells in a cavity should be as high as possible, because
the beam is not accelerated in the end tubes and between the cavities. On the other hand,
there is a limit of the maximum number of cells. It is a field homogeneity, which deteri-
orates with the increasing number of cells [4]. The Fundamental Mode (FM) should have
constant distribution through all the cells in order to maximize the acceleration. Finally,
the 9 cell RF cavity was the optimum choice taking into account the optimization of costs
and field effects. The consequence of connecting coupled cavities in a string is a different
standing wave pattern.
The 9-cell E-XFEL RF cavity structure hosts nine FMs (of T'My0) in the range 1.27 -
1.3GHz. It is known from theoretical consideration that, "n coupled resonators can os-
cillate in n modes (frequencies) for each resonance field pattern being an eigenvector of a
single (uncoupled) cell” [17]. For the multicell standing wave structures [6], their names
denote phase advance (shift) of the electrical field component on the beam axis within each
cell. For the 9 cell E-XFEL cavity at T'My;o Fundamental Modes are called 7, 87/9, ..., 7/9
mode. Actually there are nine modes within the Fundamental Mode (T'Myo). The dis-
persion relation of the FM frequencies and HOMs is discussed later in this dissertation
(see Chapter 3: Figure 3.8). For the E-XFEL operation m mode of the T'My;o is used
to accelerate relativistic particles, so the bunch passes the cavity during a half of the RF
period.
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2.3 Cavity equipment and E-XFEL cryomodule

The cavities are equipped with a set of components that are required for their proper
operation. The list below shows the E-XFEL cavity equipment (see Figure 2.3):

1.
2.

The input power coupler - a coupler used to deliver power to the cavity,

The HOM couplers - each of the E-XFEL cavity is equipped with 2 couplers. The
E-XFEL HOM couplers are installed inside the cans, at both ends of the cavity. They
are used for HOMs extraction from the cavity. The HOM coupler is equipped with
a part that blocks extraction of the operating frequency (rejection filter),

3. The pickup probe - a weakly coupled antenna used for EM field monitoring,

4. The helium tank - a container filled with a liquid helium in which the cavity is

immersed,

The beam pipe - two pipes connected to the end-cells,

6. The tuning system - a step motor and two piezoelectric devices (shortly named piezos)

used for the E-XFEL cavity - showed in Figure 2.4. The step motor and piezos are
used to deform the length of the whole RF cavity in order to adjust the cavity to the
resonant frequency. Piezos are transducers, which generate a voltage when they are
deformed. The opposite effect also occurs: under external voltage, the piezoelectric
elements are deformed. Each piezo can work as a sensor or an actuator.

Pickup probe

0 HOM coupler

Input power
coupler

Figure 2.3: Side view of the E-XFEL cavity [1].

HOM coupler Helium tank

piezos

step motor

Figure 2.4: The E-XFEL cavity in a helium tank (courtesy of N.Ohuchi).
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The basic element of the E-XFEL linear accelerator is the accelerating cryomodule.
The E-XFEL accelerating cryomodule consists of 8 cavities connected in a string, 2 dipole
magnets, one quadrupole magnet, a Beam Position Monitor (BPM) and a set of cooling
pipes (see Figure 2.5). The set of 3 magnets is used for the beam position correction and
beam compression. Each module is equipped with the sets of pipes, which are used for the
cooling of the cryomodule. The energy is applied by the klystrons to the E-XFEL cavities
installed in the cryomodules. A single klystron (RF station) supplies 4 cryomodules (32
RF cavities) using an asymmetric power distribution in waveguides [19].

Figure 2.5: The E-XFEL cryomodule with 8 RF cavities.

2.4 Cavity operation

Before getting into the details of the pulsed mode of the E-XFEL cavity operations,
the basic aspects of an RF linear accelerator are briefly discussed:

e acceleration requires that particles arrive bunched in time,

e the cell length (L) in a multicell structure must be related to the RF wavelength
(A) and 8 = v/c, which is a particle velocity (v) relative to the speed of light (¢):
L=13.)

2 )

The acceleration of a bunched beam can be realized with the use of two methods: with
the use of a pulse or Continuous Wave (CW) mode. The pulsed method is used for the
E-XFEL. In the pulsed method (see Figure 2.6), the energy is applied to the cavity only
during the pulse and the cavity behaviour is divided into 3 phases:

1. During the filling time, the EM wave is coupled to the cavity so that the energy in
the cavity increases. For E-XFEL, the duration of the filling time is 730 us.

2. During the flat-top time, bunches are accelerated. Up to 2700 bunches are accelerated
in the E-XFEL during a single pulse [1]. Due to the fact that the work is performed
on each bunch, the energy from the pulse is no more increasing in the cavity. In the
simplified description, we assume that it is "flat”. For E-XFEL, the duration of the
flat-top is 650 us.

3. During the decay time, the energy stored in the cavity is dissipated and the source
of the EM wave is off.
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Figure 2.6: Schematic drawing of a pulsed method.

Between pulses no bunch is accelerated. The repetition rate defines how often the cavity
is supplied with the EM wave pulse (for the E-XFEL operation was set to 10 Hz). In the
Continuous Wave method, the cavities are constantly supplied by the EM wave source
and bunched beam is accelerated without the time regime dictated by the RF pulse, but
satisfying the requirement of the 7 mode synchronization with the bunched beam.

For the E-XFEL pulsed method, the duty cycle is 0.65%. For the CW method, the
duty cycle may even reach 100%. The pulse method with the use of klystrons (pulsed
power amplifiers) was chosen for the E-XFEL cavity operation. It is planned to replace
the klystrons with the CW power amplifiers (Inductive Output Tubes) during the upgrade
of E-XFEL [20].

2.5 Cavity parameters

2.5.1 Quality factor

The walls of the cavity are not perfectly conducting and the magnetic component of
the EM wave causes electric current flow in the walls [10]. These currents cause the energy
transfer by the heat dissipation to the surroundings. This is why the accelerating cavity
as a resonator is characterized by a dimensionless quantity called the own quality factor
(Qo). One can also find the name "unloaded” or ”intrinsic” quality factor [21]:

. UWO

b (2.20)

Qo




26 2. SRF linear accelerator for the E-XFEL project

where @)y is a parameter characterizing the power dissipation (P.) through the cavity
walls in relation to the energy stored in the cavity (U). It is defined for each cavity
mode oscillating with the angular frequency wy = 27 fy (fo is the resonant frequency of a
mode). Q) is one of the quality factors which are explained in next sections of this chapter.
Numerically, the typical own quality factor (Qp) is of the order of 10* for normal-conducting
structures and 10'° for superconducting cavities. The above and following descriptions are
also relevant for the multicell resonators. Thus, in this dissertation, the quality factors and
the stored energy describe the 9-cell E-XFEL cavity.

In order to increase the )y, an extensive material study aiming at decreasing of heat
dissipation caused by current flow in the cavity walls was performed. This is why the
Superconducting (SC) materials are used. Superconductivity is a phenomena observed in
certain classes of materials and demonstrated among others properties a negligible electrical
resistance below a transition temperature [22, 23]. Such temperature together with the
maximum current density and maximum magnetic field, form a critical surface, which
should not be exceeded to maintain the superconducting state in the material. The quench
takes place when the critical surface is exceeded by any of the 3 parameters (temperature,
magnetic field, current density) and then the superconductivity is lost, namely the element
becomes the normal resistive.

These considerations justify the choice of the material for the E-XFEL cavities. Finally
the pure niobium was selected due to its highest critical temperature, the highest critical
field and relatively simple production process.

Apart from the negligible power dissipation through the SC cavity walls also less power
is needed to achieve the same EM field amplitudes for SC cavities. These two aspects lead
to the reduction of the operational costs of the accelerator, especially to the price of high
power amplifiers, which constitutes the main contribution to the equipment budget.

However, there are a few limiting factors of the Superconducting Radio Frequency
(SRF) technology [6, 10], e.g.:

1. Low accelerating fields - the magnetic field must stay below the critical field of the
superconductor (thus max. |Ey.| ~ 30MV/m); for the normal-conducting structures
the fields can be higher (max. |Eue| ~ 100MV/m).

2. Field emission - the high electric field can lead to electrons quantum tunnelling out of
the cavity wall creating a field emitted current. The emitted electrons absorbs some
of the stored energy and may: be synchronized with the RF and further accelerated
through the beam line (dark current) or may hit the cavity walls, which is observed
by the X-ray radiation (measured by gamma detectors).

3. Costs of a cryogenic installation.

Finally, the choice of the technology depends on the analysis of the project requirements
and costs of construction and operation.
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2.5.2 Loaded quality factor

The next parameter, which characterizes the cavity with the input coupler is called the
external quality factor (Qest), where P.,; is the power leaking from the cavity through the
input coupler.

U wWo
Pea:t

Qeat = (2.21)

There are also other quality factors, which characterize the power leaking from the
cavity through remaining supporting structures (couplers, pickups). Qyrans is related with
the transmitted power Piqns (emerging from the pickup probe). Qmonn (or Qmonrs) is
related with the power Pyonn (or Phyoar) emerging from HOM couplers:

Uw()
rans — 2.22
Qt ‘PtT'CLTLS ( )
Uw
Quom = 2 ° (2.23)
HOM1
Uw
Quomz = 5 ° (2.24)
HOM?2

The quality factors for pickup (Q¢rans) and HOMs (Q o1 and Q gonz) for the m mode
(operating frequency) are higher than the (Jg. As a result the stored energy is not trans-
ferred outside of the cavity for the operating mode. In case of the SRF cavities, the Q).
vary between 10° and 107 [25].

The equation, which combines the quality factors is:

SR U I S S — (2.25)
Qload Qext QO Qtrans QHOMI QHOMQ .
where Q104 18 the loaded quality factor, which relates the energy stored in the cavity

to the power dissipated (Pjo.q) via all supporting structures and cavity walls:

(2.26)

Q1oaq defines also the time (and the number of the cycles) it takes to dissipate the energy
stored in the cavity through the walls and all its structures. Thus the loaded quality factor
is obtained from the slope of the stored energy decay (from the transmitted power emerging
from the pickup probe) in the cavity when the RF source is off (see Figure 2.7):

Qload = 27Tf07— (227)

where 7 is the decay time.
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Figure 2.7: Transmitted power emerging from the pickup probe during the RF pulse.

The Qoaq is also defined in the frequency domain (see Figure 2.8):

fo
f3,2 - f3,1

f3.2 — f31 is a width of a resonance curve at a half of the maximum. From equations

(2.22) and (2.23) one may see that the decay time and width of the resonance curve are
related:

Qioad = (2.28)

fso— fsa = % (2.29)
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Figure 2.8: The stored energy measured as a function of the EM wave frequency.
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2.5.3 Geometric Shunt Impedance

Another parameter that is characterizing the accelerating voltage and the power dissi-
pation in the cavity walls is the shunt impedance:

|Vice|?

R = 2

(2.30)

When the R is divided by the own quality factor )y for a given mode, a geometric
shunt impedance (called R over Q) [17, 21] is given:

|Vacel?
UWQ

R/Q = (2.31)

The indexation in )y is skipped intentionally. Sometimes other definition of R and
R/Q divided by 72" are used. Here, a common linac definition is used [25, 26]. The
values of R/Q for modes of E-XFEL were calculated numerically [27]. The geometric
shunt impedance is a parameter equal to the ratio of the square of the accelerating voltage
to a given stored energy of a cavity mode. R/(Q is independent of the power dissipation in
the cavity walls (Pc) and it depends on the cavity geometry.

Because the accelerating voltage (V,..) determines the particle’s energy change (see
equation (2.2)), R/Q defines "how effective is the beam-cavity exchange of the energy” [28].
For the operating mode, the highest R/(Q is desired in order to increase the energy transfer
to the beam. In case of HOMs, the aim is opposite: to minimize its value. The relativistic
beam, which passes the cavity, excites different HOMs, for which the beam is travelling
along the E component. The superposition of the excited HOMs creates wakefields. These
wakefields are commonly described as parasitic, because these HOMs are responsible for:
slowing down of particles within the bunch, have an influence on the following bunches
and cause the increase of the power dissipation [8]. The power dissipation increase is an
important limiting factor for the superconducting cavities.

One may describe wakefields in the frequency domain [14, 27-28]. In this approach, the
current of the periodical bunched beam is described by the infinite number of ”sinusoidal
beam currents”. Thus, the total power induced by the "beams” on the mode is described
as follows [28]:

1 oo
==Y Zu(wr) I} (2.32)
k=0

\V)

where k is the index of one ”sinusoidal beam” with angular frequency (wy = 27 f).
Zn(wi) is a beam impedance defined as:

(R/Q)n Qload,n
1+ jQuonan (2 — o)

The indexation n is added to the R/Q, Qoaq and w in order to indicate that values repre-
sents the n-th cavity mode. j is the imaginary unit.

Zn(wr) =

(2.33)
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In order to decrease the power induced by the beam, the "beam” impedances must
be lowered, i.e. one should separate the "sinusoidal beams” and the mode resonance by
rearrangement of the time structure of the group of bunches. The second option to decrease
the induced power is to adjust cells shapes in order to decrease the R/@Q). Furthermore, in
order to improve the HOMs energy transfer out of the cavity, the HOM couplers are used.
This leads to the decrease in the loaded Q of each mode [6, 10, 26, 28].

2.5.4 Accelerating gradient

When a particle is travelling without significant velocity change on the cavity axis, the
average accelerating electric field (E,..) is defined as [21]:

| Vacc |
Eacc =
d

where d is the cavity length. FE,.. is also called shortly the gradient [9]. E,.. is also an
important figure of merit, which characterizes the cavity performance. F,.. is obtained
from the power measurement from the pickup probe. This subject is discussed in details
in chapter 3.2.3. The accelerating voltage (V,..) may be calculated from the E,..

Due to the fact that the electrical length of the E-XFEL 9-cell cavity (d) is 1.038 m, the
accelerating voltage and accelerating gradient are used in this dissertation interchangeably.
The E-XFEL nominal accelerating gradient is 23.6 MV /m [2].

(2.34)

2.6 SRF E-XFEL cavity - frequency choice

The accelerating cavities are operating in the Radio Frequencies (microwaves). The
Radio Frequencies (RF) were chosen because of the experience with the high power ampli-
fiers for the radar purposes, which worked in these frequency ranges and that the size of
the cavity is reasonable for the industrial production.

The choice of each RF cavity exact size and operation frequency is a result of the
optimization of the project costs and technology restrictions. Due to the fact that the
E-XFEL accelerator is a linear machine it indicates that the frequency should be as high
as possible to reduce the costs (the length of the accelerating cavity is in the inverse
proportion to the frequency). Smaller diameters of the cavities cause technical problems
with the cavity’s geometry adjustment. Moreover, the wakefields cause the beam spread
increase with the square of the frequency in the longitudinal direction and with the cube
of the frequency in the transverse direction. Besides, the cavity wall resistance depends
strongly (=~ f?) on the microwave frequency [2, 8, 21, 28]. Originally 1-2 GHz [30] was
planned in order to have a cavity length between 0.5-1 m. The optimum frequency was
1.5 GHz, but the reason of 1.3 GHz choice was the power amplifiers (klystrons) availability.

In summary, the E-XFEL cavities accelerate the electrons with the use of 1.3 GHz EM
standing wave and with 7 mode of the T'M010.
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2.7 E-XFEL cavities and cryomodules summary

The major parameters of the E-XFEL cavities [2, 31| are listed in Table 2.1.

Type of the accelerating structure Standing wave
Accelerating mode TMO010, m — mode
Material Niobium
Cavity operating frequency 1.3GHz
Cavity own quality factor Qg for m mode > 1019
Geometric shunt impedance R/Q for mmode 1036 Q2
Qeat 0f the input power coupler for m mode 4.6 x 10°
Qeut possible changes for mmode 1.5%10° — 107
Number of HOM couplers 2
Tuning range ~ 600kHz
Pulselength 1380 s
Flat — Toptime 650 us
Repetition rate 10H=
Operating temperature 2K
Cavity length 1.038m
Nominal accelerating gradient F,e. 23.6 MV /m

Table 2.1: The E-XFEL RF parameters.

The external quality factor varies when one tries to maximize the power coupling be-

tween the RF source and the cavity.



32

2. SRF linear accelerator for the E-XFEL project




Chapter 3

The cavity and the cryomodule
measurements

This dissertation focuses on measurements of the E-XFEL cavities installed in the
cryomodules (called also cryomodule measurements). However, the single cavities test
campaign (before cavity assembly in the cryomodules) is also discussed. The results of
the single cavity test campaign are used as a reference data during the cryomodule test
campaign.

In this chapter the basic description of the serial-production workflow of the E-XFEL
cavities and cryomodules is presented with a focus on the RF measurements of these
accelerating components. The RF measurements are split into two groups called low and
high power. The low power measurements have been performed with the use of the Vector
Network Analyzer (VNA). The frequencies and the loaded quality factors of cavity modes
were measured through the external connection of cavity antennae (input power coupler,
pickup probe and HOM couplers). The high power measurements have been performed in
order to test the own quality factor and the accelerating gradient, for the cavities under the
normal working conditions (pulsed operation, in the cryogenic temperatures, but without
any beam). During the high power measurements, the cavities were supplied from the RF
generators and high power RF amplifiers. The signals from the cavities were monitored
with use of the power meters [32].

3.1 E-XFEL cavities and cryomodule production

The serial-production of the E-XFEL accelerating components, namely: the SRF cav-
ities and cryomodules, was done in collaboration with a number of distributed European
Technological Facilities and Industry [33, 34]. The production of cavities was carried out by
two companies: RI (Germany) and ZANON (Italy) [35]. The RF measurements were per-
formed in Accelerator Module Test Facility (AMTF) in Deutsches Elektronen-Synchrotron
(DESY), Hamburg [36]. The layout of AMTF is presented in Figure 3.1 .
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The AMTEF infrastructure was equipped with 2 vertical test-benches for qualification
testing of SRF cavities. Up to 4 cavities were measured at once in each of the vertical test-
bench. After the qualification tests, the cavities were transported to CEA, Paris-Saclay,
in order to be assembled in the cryomodule. The cryomodules with the cavities assembled
were transported back to DESY. The cavities in the cryomodules were tested again in
AMTTF in a new configuration, with the use of 3 test-stands for testing of cryomodules.

3.2 The E-XFEL cavities test campaign

Each single cavity was transported from manufac-
turers to DESY, where in AMTF basic visual incoming
inspection was done (see workflow in Figure 3.2). Fur-
ther, the cavities were mounted on dedicated supports
called inserts, where vacuum connections and related
preparations at the room temperature were performed.
Vacuum connections were tested for the leak-tightness
to ensure that the measurements will be done in a pre-
determined vacuum.

Then, the Fundamental Mode (FM) spectrum was
measured and the HOM coupler rejection filters were
mechanically tuned. As a result of this tuning, the
undesirable extraction of the FM 7 mode through the
HOM couplers is minimized [40, 47].

After these operations, the inserts with mounted
cavities were transported to the vertical cryostats,
where the cavities were cooled down to 2K. Under the
cold conditions the FM spectrum was measured again.
Next, the dependence of the own quality factor versus
gradient, namely QovsFE,.., was measured.

The HOM spectra test finalizes the measurement
procedure at 2K in vertical cryostat in the AMTF. Fur-
ther, the cavities were warmed up and dismounted from
the inserts. The FM spectrum was then measured again
as an outgoing inspection. Finally, the cavities that ful-
filled the QgvsFEq.. and the HOM spectra test were sent
to CEA, Paris-Saclay to be assembled in the cryomod-
ules. Otherwise, the re-treatment at DESY was done
and the qualification process was repeated. The treat-
ment means cleaning of the inner surface of the cavity
(mechanical or chemical) or/and the cavity exposure to
the high temperature (for more information see [35]).

Reception of the cavity

Incoming inspection

Assembly

Preparation of the cavity

FM spectrum measurement
and HOM coupler tuning

Cool down

Measurement at 2K
(FM spectrum, Q vs E,
HOM spectra)

Warm up

Disassembly

Outgoing inspection

Shipment

Figure 3.2: E-XFEL single cav-
ity quality control workflow in
AMTF.
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3.2.1 Field Flatness tuning and Fundamental Mode spectrum
measurement

During the cavity’s manufacture, the profile of EM field for the whole 9-cell structure
was measured. This profile is a graph showing the amplitude of EM field variations along
the beam axis of the cavity. This profile is measured with the use of the perturbation
method [21, 37]: the EM field oscillating at the frequency of m mode is perturbed by
pulling a small bead (dielectric or metallic) with a non-conducting wire on the beam axis
of the RF cavity (see Figure 3.3).

Figure 3.3: A wire for the field profile measurement and the tuning machine for the field
flatness tuning (Courtesy W. Singer).

The bead inside of the cavity causes the resonant frequency deviation (Aw). This
change of the angular resonant frequency (wy) by Aw is proportional to the square of the E
field component on the beam axis (E.) [39], where B, component for 7'My on the beam
axis is zero:

— x E? (3.1)

Thereby, the distribution of the F, (beam axis) component of the EM field is obtained
by correlating the bead position with the resonant frequency distortion of each of the 9
cells of the accelerating structure. An example of a field profile is shown in Figure 3.4.

The EM field profile measurement is accompanied by the field flatness (FF') tuning of
the whole 9-cell structure. FF tuning is an iterative process of each cell’s shape adjustment.
It is a process aimed at both: setting the m mode frequency to the desired one (for the
E-XFEL cavity at the room temperature ~ 1.29775GH z) and adjustment of the electric
field profile of the m mode in the multicell cavity on the beam axis to be equal in each cell
(see Figure 3.4) [2, 40]. It stems from the fact that with the cells shape adjustment the
resonant frequencies of the whole 9-cell structure change as well.
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The tuning of the m mode frequency to the value of 1.29775 GHz at room temperature
results from the observation that after cool-down the m mode frequency shifts to about
1.2997 GHz and then the final fine adjustment to the 1.3 GHz will be easily completed by
step motors, equipment added to cavities at the cryomodule assembly.

The FF tuning is performed by pushing and stretching of each individual cell of the
cavity by the tuning machine (see Figure 3.3). The tuning result reflects in the Field
Flatness parameter. The FF corresponds to the electric field profile at the m mode frequency
on the beam axis and is defined in three ways [39-42]. In this thesis the FF equals to the
ratio of minimum to the maximum amplitude in the profile in percent (| E,in/ Frmaz|¥100%).
The flat profile of the electric component maximizes the accelerating voltage in the multicell
cavity, so the energy transmitted to the beam (during accelerator operation) would be the
highest possible one.

To continue the subject, the measurements of a set of resonant frequencies (modes)
characteristic of the n-coupled structure of the n-cell accelerating cavities forming so called
the ”Fundamental Mode (FM) spectrum” is described. The FM spectrum measurements
are done also during the previously described EM field profile measurement and FF tuning,
but they are also routinely repeated at various stages of the cavities and cryomodules
tests. The RF waves are delivered to the cavity through the input power coupler and
stored energy is monitored through the pickup probe with the use of the Vector Network
Analyzer (VNA). The VNA is a particularly useful device and contains both its own source
of the RF signal and multiple receivers. It can measure not only the amplitude but also
the phase of the received signal. The RF results are described using i.a. so called the S
(Scattering) parameters [10]. The S parameters are the ratios of incident to reflected or
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to transmitted voltages. S-parameter is described as S;;: ”incident at port j and detected
at port i”. Reflection is when i = j. Here, the S parameters are presented on the VNA
in terms of power gain (or loss) ratios [44, 45]. The power gain (loss) is shown in the
frequency domain, which simplifies understanding of the behaviour of RF devices.

| 9-cell E-XFEL cavity

input
power HOM2
coupler
HOM1 pickup probe

power-amplifier

pre - amplifier

Figure 3.5: Test setup for the FM spectrum measurement.

The Fundamental Mode spectrum is measured by So;. The Ss; is a forward transmission
coefficient from port 1 to port 2. In order to measure the resonant frequencies of the 7
mode and other modes of the E-XFEL cavity, the S is measured as a ratio of applied
RF stimulus of the input coupler to the power emerging from the pickup (see Figure 3.5).
In selected cases the RF amplifiers (power or/and pre-amplifier) are added in order to
compensate the attenuation in the tested cavity, antennae and cables [46].
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In the Figure 3.6 a typical response of the E-XFEL cavity to the RF stimulus in the
range of 1.27 - 1.30 GHz provided by the VNA is presented. The modes 7, 87/9, ... , 7/9
of the Fundamental Mode correspond to the 9 maxima in the plot (for details see: Section
2.2 Multicell cavity structure). The 7 mode is the resonance with the highest frequency in
the T'My10, while /9 is the lowest one. To perform the field profile measurement, one place
the marker on the VNA screen on the peak corresponding to the = mode (e.g. Marker 2 in
Figure 3.6), follow its frequency change (it is one of the VNA functionalities), and finally
correlate the frequency deviation with the bead position in the cavity [21].

-40. 00
1 1.2967375 GHz -55.302 dB
»2 1.2974875 GHz -60.711 dB
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Figure 3.6: Typical FM spectrum at the room temperature in VNA.

After the field profile measurement and the FF tuning, the frequencies of the FM were
recorded, with the use of the VNA test setup. The first FM spectrum measurement,
just after the Field Flatness tuning is the special one. The frequencies recorded during this
measurement were stored to the database and are used as the reference for each of following
FM measurements - especially for the test of cavities assembled in the cryomodules. The
recorded frequencies are characterizing parameters of each single cavity.



40 3. The cavity and the cryomodule measurements

It was demonstrated by the experiment done at DESY that the validation of the FF is
possible at any time by comparing the actual FM spectrum measurement to those values
stored just after the FF tuning (reference frequencies) [40, 41]. During the DESY exper-
iment, each individual cell of the cavity was deformed, while changes of the field flatness
for the 7 mode and the changes of frequencies within Fundamental Mode were recorded
and correlated.

Thereby, the measurement of the FM frequencies was used to determine the FF for
cases when it is not possible to access the interior of the cavity to perform the field profile
measurement with bead pulling, i.e. during the cryomodule measurements in AMTF. The
cavity antennae were accessible always by external connectors, so the measurement with
the VNA was possible (also later during the cryomodule qualification tests). Therefore, the
FM spectrum measurements were repeated several times, when required, in order to assure
that no accidental activity influenced the field profile by changing of the cavity geometry.
In consequence, the Fundamental Mode frequencies express the stability of the multi-cell
structure in the long production process.

3.2.2 Swuccessive Fundamental Mode spectrum measurement

Here we present the method of the FF stability estimation by comparison of two
FM spectra measurements. This method is based on the above described experimental
observation that the stability of the FF is related to the stability of the FM spectrum
[40]. So, every time we need to check the FF we measure frequencies of the FM spectrum
(denoted in following formulae as f/"*) and compare them with the reference spectrum
recorded for each cavity in the database. Technically, we construct the relative spectrum
calculated with the following formula:

T
- fimes o f]rvnes

where f! “/ is i reference frequency recalled from the database. This frequency was
measured and recorded during the FF tuning. f™* is i frequency for im /N mode measured
during the test, where i €< 1, N > and N is the number of cells in a cavity (for E-XFEL
N=9).

It is assumed that R; is linear with respect to i. The linear regression line is shown in
the Figure 3.7, for which one calculates the Mean Square Error (MSE):

R; (3.2)

1 & )
MSE = > (R - L) (3.3)

=1

where L; are points from the fitted line.
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Figure 3.7: Relative spectrum for a single E-XFEL cavity measurement for each mode
(blue circles) and its linear approximation (red). The acceptance criteria is marked by the
2 black lines.

Finally, the estimation of the Field Flatness is given by the Mean Spectrum Frequency
Deviation (MSFD) [40, 47], which was specified by the MSE for the E-XFEL operating

frequency:

MSFD =13 GHz % VMSE (3.4)

The acceptance criteria was:

MSFD < 10 kHz (3.5)

for which the FF was better than 90% [40, 46]. The correlation between MSFD and
the FF were proven experimentally at DESY [41], as mentioned above.
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Figure 3.8: The Mean Spectrum Frequency Deviation [MSFD] for the E-XFEL cavities
48].

In Figure 3.8 the distribution of the Mean Spectrum Frequency Deviation shows that
all of the E-XFEL cavities fulfilled the acceptance criteria [48].
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3.2.3 QyvsE,. measurement

The QovsFEy.. is the main measurement performed in order to characterize the single
SRF cavity at 2K and to determine the cavity limitations and behaviour [50]. From the Qg
the heat dissipation through the cavity walls is calculated. The E,.. represents the energy
that is stored in the cavity without the quench.

In order to discuss the subject of the measurement procedure, some basic nomenclature,
which will be used in this section, is described below. The RF power flowing into the cavity
through the input coupler is called forward power (Pf,.). The power returning from the
input coupler is named reflected power (P,.s) and the power emerging from the pickup
probe is called transmitted power (Piqans). The power emerging from the HOM coupler
are named after the HOM couplers (Pyoni and Pyoaz). These names are also shown in
Figure 3.9, where the test setup is presented.
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Figure 3.9: The QyvsE,.. measurement test setup.

HOM1
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During the QqvsFE,.. measurement the cavity is powered through the input coupler -
with the use of the RF signal generator and the high power amplifier. The reflected signal
is transferred across the circulator to the load, where the RF reflected energy is dissipated.
The RF circulator is a three-port device used to control the direction of RF wave flow,
so that the reflected wave does not damage the RF amplifier. A small amount of the RF
power is also coupled through the directional coupler in order to monitor the forward and
reflected power with the use of the power meters.

The cavity behaviour is analysed with the use of the transmitted signals: the power
or the voltage emerging from the pickup probe. The transmitted voltage (V,..) in time
domain is represented by the slow varying amplitude (Vi (t)) and slow varying phase
difference (1(t)) between the transmitted voltage and the voltage from the generator. It
is defined as:

Vaee(t) = Vampi(t) cos(wo + (1)) (3.6)
where wy = 27 fo, fo is the input (RF generator) frequency (~ 1.3GHz).

The transmitted voltage is measured with some analog-to-digital converters and trans-
mitted power is measured with the use of the calibrated power meters. Thereby, the cali-
bration of the voltage is possible (mepl X Pirans). In the same way the relation between
the voltage and power of the forward and the reflected signals is described.

The QovsFE,.. measurement procedure starts from the search of the resonant frequency
of the m mode. The search starts from the frequency recorded during the FM spectrum
measurement at 2K. The frequency search is performed within 1 kHz, which is the accuracy
of the FM spectrum measurement. The 10 second RF pulses are applied with a constant
power and different frequency to the cavity, while the response on the transmitted power
is measured. The frequency, for which the highest transmitted power was measured, is set
in the RF generator. Next, the cavity’s resonant frequency is kept stable with the use of
the Phase Locked Loop (PLL) system, keeping the transmitted and forward voltages phase
difference in lock step [49].

The QovsE,.. measurement is the high power test of the single cavity. During the
QovsFEy.. measurement, the forward power pulse is applied to the cavity and is ramped
(up to 200W). At each forward power step the @y and the F,.. are calculated by analysing
and measuring signals: the signal transferred to the input power coupler, the signal reflected
from the input power coupler and the signal transmitted through the pickup probe [49-50].
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The calculations for each point starts with the calculation of the coupling strength
(Bext) of the input coupler to the cavity, defined as:

QO _ Pea;t _ Pext
Qeact Pc Pfor - Prefl - Ptrans

where P, is the power dissipated through the cavity walls and P.,; is the power leaking
through the input coupler.

The coupling strength may be calculated in 3 different ways [17, 21]. In this work, one
method was chosen, in which the characteristic points (see Figure 3.10) of the reflected
signal are measured and then used to calculate 3%,,. The 7, is a coupling strength, where

ext®
losses of the transmitted power are not taken into account:

Bewt =

(3.7)

P

6:@& = PL o Pr (38)
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Figure 3.10: The reflected power with marked values used to calculate 37,,.

The P., P;and P, are the characteristic values of the reflected power at the beginning
and end of the forward power pulse (see Figures 3.10 and 3.11). The [, is then calculated
with use of 3*

ea:t:

Prans
ﬁext ﬁext(l‘i‘ tP ) (39)

For the E-XFEL cavities £ s L 9%. For nominal E-XFEL gradient Pj,.q,s is ~ 3.7W.
Pirans and P, corresponds here to their values just before the RF pulse is turned off.
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Figure 3.11: Rectangular forward power (Pj,,) and the dependence of the reflected power
(Pref1) on the Bey. The transmitted power (P qns) is presented as well.

In general, there are 3 different shapes of the reflected power signal. This shape depends
on the coupling strength (f.;). The pulsed rectangular forward power signal is required
to calculate [eu.

During the Qyvs.F,.. measurement, with the successive forward power steps, Be.: de-
creases from 2-5 to the values below 0.3. The fS.,; = 1, called the critical coupling, mini-
mizes the reflections and it minimizes the measurement error of powers. As a consequence,
the measurement error ranges are % =5-=+10% and % =10+ 20% [17, 50, 52].
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After the (..; calculation, the loaded quality factor is obtained from the exponential
drop of the transmitted power (see equation (2.27)). The power dissipated in the cavity
walls (P.), Qo and E,,. are calculated as following [51]:

_ 45:@5 PfOT’

c - P'rans 310
(1 + :zt>2 ! ( )
* Prans Prans
Qo = Quoaa(1 + By (1 + tpc ) + tPC ) (3.11)
_V R/Q Pc QO
Eacc - f (312)

where L is the 9-cell cavity length and R/Q is the geometric shunt impedance.

After obtaining the first point on the ()g and E,.. dependence, the further calculations
are performed with the help of the proportional factor, called K. This factor allows to
calculate further points for the QovsFE,.. dependence regardless of the losses in the input
power coupler and regardless of the coupling. Kr is calculated from the power emerging
from the pickup probe (transmitted power):

E
Kp = ——¢ (3.13)
V Ptrans

K7 for the E-XFEL cavities is in the range of 1.38 x 107 + 2.17 * 107%. The factor
K7, determined during the cavity test campaign, becomes an another important parameter
of each cavity. It is recorded for the future cryomodule test campaign, described in section
3.3.4.

In the following power steps, the E,.. is calculated with use of the equation (3.13) from
the transmitted power and with the use of the previously calculated Kr. Qo is obtained
from the equation 3.12 as:

(Face L)
RIQP.

where P, is calculated with the use of equation 3.10. For each power step, the values
of: QQu, K7, powers, gradient and power plots were stored in the database.

Qo= (3.14)
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This procedure is repeated in a loop until reaching the cavity or the infrastructure limit.
The AMTEF infrastructure is mainly limited by the maximum forward power, namely by
the power amplifier. The maximum accelerating gradient of tested cavities was limited by:
the cavity quench, the high field emission, the forward power limit or the HOM coupler.

Number of forward power steps allowed to draw the QgvsE,.. curve, which was used as
a tool for detection of cavity imperfections. An example of the QyvsE,.. curve for a single
E-XFEL cavity in presented in Figure 3.12. Ideally, the )y should be constant for each ..
until the cavity quenches. Some drop of )y for increasing gradient is always observed due
to the Field Emission. The multipacting for the E-XFEL cavities was observed in the range
18-22 MV /m causing strong @y drop e.g. below 10'°. The multipacting was conditioned
by applying the RF pulses to the cavity for 10 — 30 minutes. After the conditioning ()
went back the value corresponding to the QgvsFEg.. curve.
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Figure 3.12: An example QovsF,.. curve stored for a single E-XFEL cavity.

Finally, when the whole QgvsE,.. curve was drawn, the usable gradient was determined.
The usable gradient was the greatest gradient for which Qo > 10'° and for which the X-ray
threshold (indication of the field emission) was not exceeded at any of the detectors. The
measurement of the X-ray was done at the top and bottom of the cavity. The thresholds
were 0.01 mGy/min and 0.12mGy/min respectively. The cavities that did not fulfil the
usable gradient (E,.. < 20 M'V/m) were treated at DESY and measured again [21, 35, 50].
Thus, 1241 qualification tests for 800 cavities were performed.
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3.2.4 The Higher Order Modes spectra measurement

The aim of the HOM spectra measurement was to determine the loaded quality factors
and the frequencies of: the first two groups of dipole modes (T'E11; and T'Miyo) and
the second group of monopole modes (T'Mp;;). The test setup for the HOM spectra
measurement is presented in Figure 3.13. The Qouq_mon Wwas calculated from the resonance
curve in the frequency domain with use of the equation (2.28). The indexation HOM is
added to the Q¢ in order to indicate that the results of the measurement represents the
frequency of the HOM mode and to indicate that the measurement is performed throughout
the HOM couplers.

After the HOM spectra measurement, it was checked that parasitic modes will be effec-
tively dumped and wakefield excitation will be limited in the future while the accelerator
is running [54]. The monopole mode (TMO011) causes the growth of thermal losses [56-57].
The TE111 and TM110 dipole modes cause the emittance growth, especially when the
beam is not centred to the axis of the cavity.

The indication of effective dumping of HOM is the low Qouq_monr, which is a result of
the optimized HOM energy extraction with the use of HOM couplers. The better coupling
though the HOM coupler is provided through the increase of amplitudes of HOMs in the
end cells and decreased inside of the cavity. The opposite decomposition of amplitudes
is called the HOM trapping. Thus, end-half-cells dimensions are different than the inner-
half-cells. This is why, sometimes, in order to lower the loaded quality factors of HOMs, an
additional cells adjustment was done during the FF tuning [55]. Despite this asymmetry,
the Field Flatness quality for the m mode is still kept.

XFEL superconducting cavity

input
coupler

HOM2
HOM1 pickup probe

Figure 3.13: The test setup for the HOM spectra measurement.
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Figure 3.14: Measured HOMs view in a VNA band 1.60-2.55 GHz for the test setup
presented in Figure 3.13.

The three mentioned group of modes are plotted in Figure 3.14. For group of the
monopole modes, nine frequencies and nine Q,.q o were measured. For groups of dipole
modes, 9 pairs (18 freq. and 18 Qua_mor) Were measured, because each dipole mode is
represented by two close (difference less than 1 MHz) resonances. Due to the manufacturing
process inaccuracy the cavities are not ideally symmetric around the beam axis. Inside of
the asymmetric cavity the excited dipole modes are split into two components representing
a single HOM [59].

The HOMs with the higher frequencies, i.e. above so called cut off frequency of the
beam pipe (see Chapter 2.3), were not measured [56]. Beam pipe size defines the cut off
frequency of the travelling modes. In E-XFEL, the suppression of travelling wave HOMs is
mainly provided by the HOM dumpers (absorbers) connected to the beam pipes between
the cryomodules in the accelerator tunnel [2].
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During the operation of accelerator, when the particles moving practically with the
speed of light, the modes synchronized with the beam are essential for the beam-HOM
interaction. A synchronous condition with a relativistic particle is presented with a black
solid line on the Brillouin diagram in Figure 3.15. The Brillouin diagram is a dispersion
relation of the resonance frequencies of RF cavity modes (in multicell resonant RF cavities)
over phase advance of the electric field on the beam axis in the cavity (see Figure 3.15).
Only resonances, which have the frequencies closest to intersections of mode dispersion
lines with the black line are important for the beam-HOM interaction. These modes were
chosen to be validated during the measurements [27]. For these modes the maximum
possible loaded quality factor was studied and simulated (for example by Baboli [56])
showing that neither the beam is deflected, nor emittance grows [55].

2.5 | TMO11 _
9 8 7 6 5 4 : . 1
N
5 2f , TM110 |
a --------- B S L Lo piit &4 ________ ﬁ3 7777777 ﬁz ___________ 1
g TEI1 gy g Ky
-] s
ey HE 4
g)- 77777777 ﬁ" &2 3
L 15} |
TM010
*1 *2 4\3 /|\4 4\5 4\6 4\7 7[\8 5
1
0 g

Phase advance [rad]

Figure 3.15: Dispersion curves for measured HOMs (solid blue lines are monopole modes,
dashed blue lines are dipole modes). FM (T'Mgy) is presented as well. A synchronous
condition with a relativistic beam is presented with a black line. Measured resonances are
numbered (red) and marked with A and .
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The maximum Qjoeq Hom < 2 * 10° for the following resonances was defined:

e T Fq; - resonance 6 and 7
o T' Mo - resonance 4 and 5

e T'Myi1 - resonance 9

The resonances were numbered from the modes with the smallest frequencies to these
with the highest (see red numbers in Figure 3.15). In order to check the dispersion relation
(frequencies), other resonances in the HOMs were measured as well. In Figure 3.16 an
example is presented for the cavity 3 in the cryomodule XM35.
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Figure 3.16: Values of the loaded Quality factors for HOMs measured with the use of the
test setup presented in Figure 3.13.

Finally, the cavities that did not fulfil the acceptance criteria were tuned at DESY and
measured again. Otherwise, the cavities were accepted to be assembled in the cryomodule.
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3.3 The E-XFEL cryomodule test campaign

The assembly of the E-XFEL cryomodules was performed in CEA, Paris-Saclay. The 8
E-XFEL cavities with magnets package were connected under clean room conditions. The
cavities were equipped with movable input power couplers, which enable to power them
with the short (~ 1.4ms) and high power (~ 250kWW) RF pulses. Each cavity was also

equipped with step motor and piezos.

Next, the string of 8 cavities and magnets package was
inserted into vacuum vessel, which was equipped into ther-
mal radiation shields and internal connections for helium
supply. The whole system is called cryomodule. Finally,
the cryomodule was transported to DESY.

After arrival of the cryomodule to AMTEF, first, the vi-
sual incoming inspection was performed (see Figure 3.17).
Then, the FM spectrum at 300K was measured for each
of 8 cavities. During the cryomodule test campaign the
interior of the cavity was not accessible. Thus, the valida-
tion of the Field Flatness was possible only by comparing
the measured resonant frequencies of the FM to the refer-
ence values stored just after the FF tuning. The reference
frequencies for the FF estimation were recalled from the
database (for details see Section 3.2.2) for each cavity in-
dividually.

The access to the cavity antennae was required to per-
form the test. The pickup probe connections were acces-
sible from the bottom of the cryomodule by the external
flanges. The input power coupler was accessible with the
use of adapters. In Figure 3.18 one may see the green
adapters. After the measurement, the adapters were dis-
assembled.

Next, the cryomodule was installed on movable sup-
port in order to drive the module on rails to the concrete
shielding (test-stand) - see Figure 3.1. Inside of the test-
bench the cryomodule was connected to cryogenic instal-
lations. Then, the test-stand’s waveguides were connected
to the cryomodule, and various vacuum connections were
performed. In Figure 3.18, the cryomodule XM-2 con-
nected to the test-stand in AMTF is shown.

Reception of the cryomodule

Incoming inspection

Preparation of the cryomodule

FM spectrum measurement
at 300K

Connection

Warm Coupler Conditioning

Cool down

Measurement at 2K:
low RF power (FM spectrum,
HOMs spectra) and
high RF power (cryomodule
inspection, FT, LLRF,
heat loads)

Warm up

Disassembly

Outgoing inspection

Transport to the storage area

Figure 3.17: E-XFEL acceler-
ating cryomodule quality con-
trol workflow in AMTEF.
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When all connections of the cryomodule to the test-stand were done, the input power
couplers were conditioned (Warm Coupler Conditioning). It was a process of applying RF
pulses to the input power coupler starting from the short pulse (e.g. 20 us) and ramping
pulse until reaching the maximum power. The process was repeated with different pulse
lengths (e.g. 50, 100, 200 ... us) until, reaching the maximum length of the RF pulse
(1300 us). The objective of the conditioning was to clean the couplers from the impurities.

—

Figure 3.18: One of the E-XFEL cryomodules in the test-stand for the cryomodule testing
(Courtesy of D. Noelle). One may see the waveguides hanging from the roof, the concrete
shielding around, the movable support and the rails below.

3.3.1 The E-XFEL cold cryomodule RF measurements

The measurements at 2K started with the low power tests, for which the VNA was
used to measure the FM spectrum (the details were given in Section 3.2.2). The measured
T Mo resonant frequencies ensured that the m mode was shifted from ~ 1.29775 GHz at
300K to ~ 1.2997 GH z at 2K and the FF was not lost during the cool-down process. Recall
that during the cavity test campaign the frequency was also recorded at 2K (see section
3.2.3). The control of the frequency of the 7 mode at 2K was required for the quality
control of the production and the cryomodule assembly.

The measurement of the T'Mj;o resonances was followed by the HOM spectra measure-
ment (details were given in Section 3.2.4). After the HOM spectra measurement, it was
checked that parasitic modes will be effectively dumped in the future and are unchanged
after the cavities installation into the cryomodule.

Finally, the cavity’s frequency was adjusted to the 1.3 GHz by activating the step
motor, while the 7 mode frequency was tracked with the use of the VNA.
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3.3.2 Test-stand for high power measurements at 2K

The test-stand for high power measurements (see Figure 3.19) consists of devices re-
quired to operate the E-XFEL cavities in the cryomodule under their normal working
conditions. The control of the RF signals in the test-stand is performed by the LLRF sys-
tem, which sets the RF frequency, phase and amplitude. The RF signals are amplified by
the power amplifier and then amplification is continued by the klystron. The high power
RF pulse is transferred from the klystron, through the waveguides and the input power
coupler, to the cavity. The signals in the waveguide, from the pickup probe, and from the
HOM couplers are monitored by the power meters and by the LLRF system. There are
more components required to run the test-stand. They are listed below:

1. Cavity tuner driver - the hardware used to operate the cavity frequency tuners (step
motors). The tuning is done by mechanical deformation of the whole 9-cell RF cavity.

2. Input power coupler driver - the hardware used to control step motors, which are
moving the input couplers. The position of the input couplers requires a mechanical
tuning.

3. Technical Interlock [60] - a system preventing from damaging the couplers and other
equipment. It was set to measure the temperature of the warm and cold part of
each coupler and light (sparks) in the waveguide. It was also monitoring the helium
pressure and level in the test-stands, as well as the vacuum inside of the cryomodule.

4. Klystron - a special vacuum tube that uses the transit time of the electrons to generate
and amplify high-frequency signals. It is supplied by the modulator - a device used to
provide high voltage pulses to the klystron. The klystron and the modulator together
provide high power RF pulses.

5. Waveguides with their subsystem - the pipes used to propagate the RF from the
klystron to the cavity through the input power coupler.

6. Isolator - is a two port RF device that protects RF components from excessive signal
reflection. The isolator is commonly replaced by the RF circulator and the RF load
[71].
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Figure 3.19: A simplified scheme of the high power test setup. The cryomodule is also
simplified to the single cavity since all cavities in the cryomodule are performed in the
same way.

7. Low Level Radio Frequency (LLRF) system - it is a system for controlling the RF
signal (amplitude and phase control). It consists of uTCA crates with some additional
external modules (the machine protection system, the timing system, the control
system etc.). In this dissertation, LLRF denotes both the hardware and software.

8. Power meters - for the measurement of power: forward, reflected, transmitted, HOM1,
HOM2.

9. Personal interlock - it is a safety system to prevent people from entering the test
stand during the high power measurements. It consists of: gamma ray detectors for
field emission detection, an oxygen sensor inside of the test-stand, an RF leakage
detector, and a control system for locking the entry doors.

10. Piezo driver
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3.3.3 RF signals during the high power cryomodule test

During the high power cryomodule test, the 1.3 GHz RF pulse of the forward power had a
stepped shape and was different from pulses normally used in the accelerator (see Figure
2.6). In Figure 3.20 the RF pulses are shown as voltage waveforms. Because the testing
of the RF cavities was done without beam the forward power was decreased (drop) during
the Flat-Top time to mimic the RF-beam interaction. For the E-XFEL cavities the drop
was set to the value within the range 6-8db in order to minimize the reflected power during
the Flat-Top time and so that the stored energy in the cavity is constant. Moreover, the
forward RF pulses were short (~ 1.4ms) and powerful (the maximum value during the
filling time was ~ 250 kW).
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Figure 3.20: The amplitudes of voltages Van,i(t) (see equation: (3.6)) recorded during the
RF pulse.
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The cavity behaviour during the high power cryomodule test was analysed in the same
way as during the QyvsFE,.. measurement, namely, with the use of the transmitted voltage.
During the cryomodule test, the amplitude of the transmitted voltage was measured with
use of the LLRF system [60-61]. The transmitted, forward and reflected signals (amplitudes
of corresponding voltage) were also measured by power meters.

During the Flat-Top part of the RF signal, the transmitted voltage must be “in-phase”
with the input (forward) voltage. It means that the cavity frequency must agree with
the input signal and phase difference between the transmitted voltage and forward voltage
must be constant (see Figure 3.21).
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Figure 3.21: The phase difference between the voltage from RF generator in the LLRF
system and phases (¢(t)) of the voltages recorded during the RF pulse.
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The procedure of adjusting the cavity’s signal (transmitted) to be “in-phase” with the
forward signal is called the cavity’s fine-tuning. The cavity is coarse-tuned by activating
the step motor and fine-tuned by adjusting the piezo actuator in order to deform the whole
9-cell structure to the 1.3 GHz at 2K. Based on DESY expertise, it is assumed that the
fine-tuning of the SRF cavity at 2K does not affect the Field Flatness.

The cavity detuning (fine-tuning loss) is caused by the Lorentz force and microphonics
(external vibrations). The EM resonating field produces the radiation pressure (Pp), which
affects the cavity walls [61]. This pressure is caused by the Lorentz force and can be
calculated with the use of the following formula:

_ molHP + ol E?

Py, 1

(3.15)

where H and E are the average magnetic and electric fields on the walls. o and ¢
are permittivity and permeability in vacuum, respectively. These fields lead to the cavity
walls deformation. As a result of the walls deformation and according to the perturbation
theory, the cavity volume changes causing the change of the cavity resonant frequency.
[64, 65]. The resonant frequency change (Afy) dependence on the accelerating gradient
(Eqee) is defined as:

Ky = —% (3.16)

The K factor is called the Lorentz force parameter. For the E-XFEL cavity
Ky = 1(1\45# and, as a result, the frequency changes at the E-XFEL nominal gradient
~ T00H z.

The microphonics cause oscillations of the cavity resonant frequency. The known micro-
phonics are caused by the helium bath pressure changes, vibrations of the vacuum pumps,
or the mains frequency (50 Hz). Moreover, the E-XFEL cavity has its own mechanical
modes (60 Hz, 152 Hz, 250 Hz), which might be excited [63].

In order to minimize the two above mentioned effects, a step motor is used for a wide
range of the cavity dimension change (<~ 2 mm). The piezo actuators are much quicker
and work for the fine-tuning (<~ 3pm). The piezo works as an actuator, when a control
voltage is applied to it from a driver (hardware). As a result the piezo deformation opposes
the cavity deformation caused by the the Lorentz Force and microphonics. The second piezo
is used at the same time as a sensor. More details about the piezo control is provided in
Section 4.3.
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3.3.4 Inspection of Ky and measurement of quality factors in the
cryomodule

The objective of the first high power measurement at 2K was to inspect a parameter
K7 for each cavity individually and to measure the following quality factors: Qioad, Qtrans,
Quomt, Quome. The Kp, characteristic parameter of each single cavity, has been measured
and recorded during the single cavity test campaign. It allows to measure the accelerating
gradient via the transmitted power instead of the forward one, what significantly simplifies
the procedure.

The procedure of the inspection of K7 in the cryomodule started with the loaded
quality factor measurement. Firstly, some forward power is applied to the cavity. Then,
Q1oaqd Was obtained from the exponential decay time (see Figure 3.20) when the RF was off
(see equation (2.27)). The loaded quality factor was adjusted to the desired one (4.6% 10°).
By the adjustment of the position of the input power coupler, the ().,; changed, and as
a result Qqq at 2K also changed. The adjustment was performed by the step motor
that was moving the coupler. The @Q;,,q was adjusted each time during the high power
measurements, when its value was changing (> +0.1 % 10°) due to the thermal expansion
or contraction of the input power coupler.

Further, the accelerating gradient was measured from the forward power (Py,) with
the use of the following equation:

By = \/in o Qen BQ__( _ aill (3.17)
1+ Be” L(l + 1_,_?:“ Qezt(% - %)2)

which depends on the constants: 9-cell cavity length (L), geometric shunt impedance
(R/Q), the filling time ().

The equation (3.17) requires knowledge of the cavity resonant frequency (fy). Thereby,
the requirements for the measurement were given [70]:

e The cavity was perfectly tuned. The cavity resonant frequency fy ~ f, where f was
the input (forward) frequency.

The Lorentz force detuning and microphonics are negligible due to the small accel-
erating gradient (e.g. 5 MV/m).

The value of the Py,, is taken just before the end of the filling time.

The LLRF worked in the open-loop control.



3.3 The E-XFEL cryomodule test campaign 61

® f..; ~ 10* - the power leaking out of the coupler was large as compared to the power
being dissipated in the cavity walls (strong over-coupling) [21]. This also implied
that in the superconducting state of the RF cavities Qouq = Qert (S€€ equation 2.25).

e The time of the RF pulse was set to the value corresponding to the case when the
reflected power was 0 (zero) [51]. For practical cases - close to zero (see Figure 3.10).

® Qians ~ 10%Q)o , which means that the pickup probe is weakly coupled to the cavity
[21].

Under the above listed conditions, the formula was simplified to:

Por oa R _mfotyin
Em:\/4 for Quoad R/Q

T2 (1 —¢e Qioaa ) (3.18)

During the cryomodule test campaign, the calculation of the accelerating gradient
started with the use of the forward power (P, ), for which the equation (3.18) was used.
During the single cavity test campaign, the gradient was obtained for f.,; ~ 1 and long
pulse. During the cryomodule test campaign, [B.,; >> 1 and short pulse was used for the
calculation of the accelerating gradient with the use of the forward power.

Next, the proportional factor (K7) was obtained from the transmitted power (P qns)
and the accelerating gradient previously calculated:

E
Kr=—2>2=%_ (3.19)
Vv Ptrans
During the cryomodule measurements, Kr was compared to the equivalent value ob-
tained during the measurement (QovsE,..) of the single cavity (before assembly into the

cryomodule). The difference between K7 calculated during the cavity test campaign and
07 MV/m.

the cryomodule test campaign was £0.1 % 1 N

The Kp parameter was inspected in order to measure the accelerating gradient from
the transmitted power instead of the forward power. For all of the following measurements
in the AMTF the equation (3.19) was used to calculate the E,... The equation (3.18) was
not used for further measurements. Moreover, the value of K¢ will be the reference value
for the calculation of the gradient in the accelerator regime.
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In addition to the inspection of K, the quality factors for the E-XFEL operating
frequency of the HOM couplers and the pickup probe were measured.

(B * L)?
rang — ——————— 3.20
Qt Ptrans * R/Q ( )
Q __Bue x L) (3.21)
froM = Prownn * R/Q .
(Eace * L)2
— 3.22
Quows = 5. 1 (3.22)

The acceptance criteria for quality factors were as follows:
b Qtrans ~ 1011
* Quomt > 10"

o Quon > 10"

Qirans 1s measured to check whether power losses in the pickup coupler do not exceed
the accepted limit.

Similarly, the HOM couplers, designed for an effective drainage of HOM frequencies,
should - at the E-XFEL operating frequency - behave as rejection filters. (Qgoa acceptance
criteria reflect the accepted RF power loss in HOM couplers at the E-XFEL operating
frequency. During the single cavity test campaign the quality factors of HOMs were also
monitored: during the HOM coupler tuning and QgvsFE,.. measurement.

3.3.5 Flat-Top measurement

The name Flat-Top was derived from the shape of the amplitude of the transmitted
voltage and from the part of the RF pulse (see Figure 3.20). The measurement was
performed for each cavity in the cryomodule operating in the pulse mode from the klystron
at 2K. Each cavity was tuned individually while other cavities were detuned. This ensured
that any related effects (field emission, multipacting, quench) connected with the cavity
currently measured.

During the Flat-Top measurement, the increasing steps of the pulsed forward signal
were applied to the cavity until the it’s maximum gradient was reached. The maximum
gradient was determined by: the infrastructure limit was reached, the safety of humans was
at risk or the cavity quenched. The AMTF infrastructure was limited by the waveguide’s
isolator (parts used to avoid reflection of the RF power to the klystrons). The isolators are
limited by peak power and average power. The peak power is the maximum power during
the RF pulse, while the average power is calculated for 1 second time slot. The isolator’s
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maximum average power was 2.2 kW [71]. For the E-XFEL parameters (10 Hz of
repetition rate, pulse duration ~ 1.3 ms and power drop 6-8 dB), one may calculate
the maximum possible equivalent power in the RF pulse, which is safe for the isolator.
The optimal value during the RF pulse was ~ 250 kW. However, for a short period (2-5
minutes) power up to 270 kW were used. In order to simplify the testing procedure, the
accelerating gradient was calculated from the forward power and the AMTF infrastructure
limit was defined by the accelerating gradient and it was set to 31 MV /m.

As mentioned before, the maximum gradient was also limited by the human’s safety.
The accepted gamma radiation during the measurement inside of the test-stand was
10 mGy/min, which ensured that the safety limit outside the test-stand was not exceeded.
The radiation was an effect of the electrons emitted from the cavity walls. The electrons
emitted, due to e.g.: multipacting or field emission, were hitting the cavity walls and the
surroundings.

Finally, if the cavity quenched before reaching the infrastructure limit and the safety
limit, then the value of 0.5 MV /m less then the quench was recorded as the maximum
E&CC'

During the Flat-Top measurement, the operating gradient was also determined. It is
the future "work point” for the cavity in the E-XFEL accelerator and it was defined as the
minimum value from:

e the gradient, when radiation starts exceeding 1072 mGy/min,
e the maximum gradient,

e the accelerating gradient, when temperature measured on the input power coupler
exceeded the technical interlock limits during the measurement,

e the gradient, when the vacuum for input power coupler exceeded the technical inter-
lock limits during the measurement.

The value of 1072 mGy/min was set as safety limit in order to prevent damage of the
electronic equipment located in the tunnel of the accelerator [72]. The technical interlock
for the input power coupler were set to: 350K for the temperature sensor in the warm part
of the coupler (~ 300K), 120K for the temperature sensor in the 70K area inside of the
cryomodule and 10~% mbar for the vacuum in the coupler.
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The maximum and operating gradients, recorded during the cryomodule test, are the
values equivalent to those obtained for the single cavity test - during the QovsE,.. mea-
surement (the maximum and the usable gradient).

During the serial production test campaign, the maximum gradient from the single cav-
ity measurement was compared to the maximum gradient of the cavity in the cryomodule.
It was observed [74], that only two cryomodules had excessive gradients degradation, which
was related to changes in the module assembly process. Moreover, as a result of the com-
parison of the maximum gradient between the cavity test campaign and the cryomodule
test campaign a feedback to CEA was given. Thanks to the feedback, the assembly process
changed. Finally, after 20 out of 100 cryomodules the assembly process was improved.

The usable gradient and operating gradient were also compared [72-74]. The usable
gradient qualified single cavities for the assembly in the cryomodule. The operating gra-
dient in the cryomodule characterized the cavity for the accelerator ”work point”. Usable
and operating gradients were limited by different levels of X-rays. Moreover, the usable
gradient was limited by @)y. Whereas, the limit of the own quality factor was not defined
for operating gradient. Based on the analysis of the results, the usable gradient was higher
than the operating one.

In addition, the operating gradient, recorded during the cryomodule test, determined
the power distribution in waveguides in the accelerator regime. The power distribution
was tailored by one of DESY team based on the operating gradients and the waveguides
were mounted to cryomodules after AMTF measurements. The adjustment of the power
distribution was done because of the different power requirements for each cavity in the
cryomodule and limited power budget. The klystron in the accelerator will provide power
to 4 cryomodules [19, 76].

3.3.6 Heat Loads measurement

The objective of the Heat Loads measurement was to test the own quality factor
at 2K. The Heat Loads result from RF power losses related to the own quality factor
measurements, which are done at 2K. That measurements for cryomodules are similar to
those for the single cavities, which were made when QgvsFE,.. curve has been measured.
However, for measurements of Heat Loads during the cryomodule test campaign one has
measured averaged )y value from eight cavities in the cryomodule.

It has also been decided to measure the own quality factor at the fixed gradients (at
23.6 MV/m) for each cavity in the cryomodule. For few cavities, for which that gradient
could not be reached, that value was slightly reduced. It could eventually be also reduced
for the neighbouring cavity because the AMTF waveguides supply a pair of cavities with
the same power [76, 77].
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During the measurement, the cavities in the cryomodule were measured at the fixed
gradients for 2 hours. After the measurement, the effective emitted power from the cry-
omodule P, was calculated from the helium massflow [78]. The heat load measurement
of the single cavity in the cryomodule was not possible in the AMTF due to the low reso-
lution of the flow meters. Afterwards, one calculates the instantaneous power Pj,¢s during
the RF pulse:

P
Poss = —
: (tsi + trr) * REP.RATE

(3.23)

where REP. RATE is the repetition rate set to 10 Hz and ¢pp and ¢y are the Flat-Top
and the filling time respectively.

Finally, the averaged effective own quality factor of the cavities in the cryomodule is

calculated [50]:
8

L2 * Z (Eacc,i)2

. i=1
Qo = P+ R0 (3.24)

where F,..; is the i-th cavity gradient.

The accepted Qo was > 10'°. This gave the P.yo < 6W of the Heat Loads for the 8
cavities supplied to the E-XFEL nominal gradient in the cryomodule. During the testing
campaign, the average own quality was better than the design expectations, and only 4
cryomodules did not reach the specification [74].

3.3.7 Measurements of the LLRF functionality

The LLRF system (hardware and software) is used to control the RF signals that are
provided to the cavity. A part of the software was developed and initially tested in the
AMTF in order to validate its functionality for the future accelerator operation [79, 80].
Aims of the measurements are presented below:

1. Cryomodule stable operation

During this measurement, the cavities in the cryomodule are maintained at the fixed
gradients. The regulation through the LLRF of the forward voltages is done and
changes of the cavity’s transmitted voltages are measured.

2. Cavity step motor characterization

The purpose of this test was to measure the cavity detuning (resonant frequency
shift) as a function of the steps of the motor.
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. Piezo capacitance and resistance

This measurement was performed during the cool down to 2K and warm up to the
room temperature. Both piezos for each cavity in the cryomodule were measured.
Their capacitance and resistance were recorded in order to find possible damages
during the temperature changes [80].

. Input power coupler scan

The objective of the input power coupler scan was to measure the loaded quality
factor as a function of the coupler position. The change of the (;,qq is foreseen for
the upgrade of E-XFEL, namely, for another type of cavity driving - CW instead of
pulsed. The Qjoqq should be in the range 1.5 * 10 — 107.

. Piezo DC scan

This measurement was performed in order to measure the cavity detuning as func-
tion of the piezo actuator DC voltage. It was done to check the maximum possible
movement range.

. LFD coefficient

The measurement started for the cavities tuned at 3 MV/m. Then, the power was
ramped up (without cavity tuning) to the higher gradients, until the cavity reached
18-20 MV /m. During each step the cavity detuning was measured as a function of
the accelerating gradient.

. Lorentz Force Detuning compensation

During the Flat-Top measurement, the values of the piezo actuator parameters (DC
Voltage, AC Voltage, Frequency, Advance time) were recorded for the maximum
gradient. This operation is explained in dissertation in details later (see Section 4.3
High RF power cryomodule measurements).

. Identification of Tm/9 and 8w /9 modes

The amplitudes and frequencies of modes 77/9 and 87 /9 were measured and recorded
with and without digital notch filters. Such filters are applied to dump these un-
wanted modes, which are also excited in the cavities [79].

For the Input power coupler scan, the Piezo DC scan, the Identification of Tw/9 and

87 /9 modes, and the Cavity step motor characterization the cavities were tuned to

13 MV/m (approximately the half of the nominal E-XFEL gradient). The Lorentz Force
Detuning compensation was performed during the Flat-Top measurement for the point
recorded before the cavity quenched or in the power limitation point depending on the
cavity performance. The Cryomodule stable operation was performed in parallel to the
Heat Loads measurement (testing time optimization).



3.4 Cavity and cryomodule measurements - summary 67

3.3.8 E-XFEL cryomodule test - final checks

After the cold E-XFEL cryomodule RF measurements, the cavities were detuned - the
step motors used to tune the cavity were moved to their initial position. The 7 mode
was tracked with the use of the VNA to ensure that its frequency went back to the value
recorded before the cold test (+25 kHz). The procedure ensured us that the tension in the
cavity was released before the warm-up, and that after warm-up the Field Flatness was
not lost.

Finally, the cryomodule was warmed up to the room temperature and disassembled from
the test-stand (see Figure 3.17). The cryomodule was then transported to the storage area.

3.4 Cavity and cryomodule measurements - summary

The RF measurements were divided into two groups called low and high power mea-
surements. The low power measurements were performed with the use of the VNA in order
to measure frequencies and the loaded quality factors of the cavity modes. The low power
measurements were done for both single cavities and these installed in the cryomodules
using the same measurement methodology:

e Fundamental Mode spectrum measurement - was done for the control of the cavity’s
field flatness during the cavity production and after installation of the cavities in the
cryomodule as well as for the control of the desired frequency of the m mode. The
validation of the Field Flatness was possible by comparing the measured resonant
frequencies in 7'My and the frequencies recalled from the database. The frequencies
in the database had been stored just after the Field Flatness tuning during single
cavity tests. The Field Flatness change was represented by the Mean Spectrum
Frequency Deviation, for which the acceptance limit was defined.

e Higher Order Modes spectra measurement - during this measurement, it was checked
that the parasitic modes will be effectively dumped and that the HOMs extraction
through the HOM couplers was assured. From the T'Ey11, T Mi19, T My, only these
modes, whose frequencies are close to the synchronous condition with the relativistic
beam, were validated. The quantity characterizing the HOM’s expulsion was the
loaded quality factor measured with the use of the VNA. The maximum loaded
quality factor for each of the undesired mode was defined.
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The high power measurements were performed in order to test the own quality factor
and the accelerating gradient, for the cavities under the normal working conditions (pulsed
operation, at the cryogenic temperatures). One QovsF,. measurement during the cavity
test campaign corresponded to three measurements during the cryomodule test campaign,
namely: Inspection of Kt and measurement of quality factors in the cryomodule, the Flat-
Top measurement and the Heat Loads measurement:

o Cavity test campaign

o The QovsFEy,.. measurement - is the main high power measurement performed
for each single cavity at 2K. The test was performed by applying the long RF pulse to
the cavity. The power was gradually increased. The measurement was finished when
the cavity quenched or the test’s infrastructure limit was reached. At each power
level, the Qg and E,.. were calculated. Finally, the QqvsE,.. curve was plotted. After
the measurement, the cavity was accepted for the installation in the cryomodule,
when the usable F,.. exceeded the defined threshold.

e Cryomodule test campaign

o Inspection of K1 and measurement of quality factors in the cryomodule - during
the measurement the stability of the proportional factor K1 between the single cavity
and the cryomodule test campaign was measured. Maximal K deviance was defined.
Moreover, during the measurement, the tuning of HOM couplers rejection filters was
tested in order to validate that the operating mode frequency was not extracted from
the cavity. The Qyons were calculated from the power extracted through the HOM
couplers. The minimum @ goys was defined.

o Flat-Top measurement - as a result of this measurement, the operating and
maximum gradient E,.. of the cavity were established. The operating gradient is the
working point for the cavities operation in the accelerator. The operating and design
gradients were compared. As a result of the comparison, feedback on the cryomodule
assembly process was obtained.

o Heat Loads measurement - was performed in order to ensure that the heat load
budget for the nominal E-XFEL gradient, assumed during the accelerator design, was
achieved. The result of the Heat Loads measurement was the average own quality
factor of all cavities in the cryomodule. The quality factor was compared with the
design one.
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During the high power measurements of the cryomodule, the validation of the cavity
equipment was performed. Moreover, a part of the hardware and the software was tested,
which was required for later accelerator operation:

e During the coupler conditioning, Flat-Top, Heat Loads and the measurements of the
LLRF, the functionality of the input power coupler was checked. The mobility and
its dependence on the ()., of the input power coupler was validated. Moreover,
the input power coupler ability to transfer the high power RF waves within the
microseconds to the cavity was proven.

e The step motor and piezo were also checked, so that the cavity under normal working
conditions was tunable to the 1.3 GHz and the compensation of the Lorentz Force
Detuning and microphonics was possible.

e The measurements of the LLRF functionality were the preparation for the LLRF
algorithms implementation for the cavity control during the E-XFEL accelerator
operation.

e During all high power measurements, the functionality of the hardware was proven:
the input power coupler driver, the step motor driver, the piezo driver, the klystron
(and modulator), the technical interlock, LLRF, as well as the software. All the
components and software were validated before the accelerator is commissioned.

As a result of the low power, the high power and the measurements of the LLRF
functionality, the set of the cavity parameters were stored in the reports. They are listed
in Table 3.1. The values stored for the cavities in the cryomodules were measured and
recorded separately for each cavity. The only exception was the averaged own quality
factor measured for all cavities in the cryomodule during the Heat Loads measurement.
The data marked with ¥ informs that during the single cavity and the cryomodule test
campaign more gradients were recorded. Only the usable, the operating and both maximum
gradients were stored to the final report. The similar applies to the own quality factor.
The own quality factors were recorded for each step (gradient) during the single cavity test
campaign during QovsE,.. measurement. Only one () was recorded during the cryomodule
test campaign, for the average gradient, from all cavities in the cryomodule, during the
Heat Loads measurement. The data marked with T were not measured during the cavity
test campaign, because the single cavity was not yet equipped with the final input power
coupler, the step motor and the piezos. Dark current measurement was performed only
during the cryomodule test campaign during the short RF pulse.

Finally, the typical values or ranges of the cavity parameters recorded during the cry-
omodule test campaign are listed in Table 3.2.
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Cavity parameters

Single cavity
test campaign

Cryomodule
test campaign

Re ference F'M spectrum 9 frequencies seethe single
fromdatabase cavity test campaign
FM spectrum @ 300K 9 frequencies 9 frequencies
FM spectrum Q2K 9 frequencies 9 frequencies
Frequencies and 45 frequencies 45 frequencies
Qload fOT HOMs 45 Qload 45 Qload
Propotional factor Kr value value (steady when
comparedto single cavity test)
Gradient* maximum maximum
(limited by the froward | (measuredupto31lMV/m
power and limited by and limited by
the personal safety) the personal safety)
Gradient? usable operating
(limited by Qo and X, 4y) (limited by X, qy)
Qo for mmode* recorded for each step averaged in the cryomodule
during QovsEyec for operating gradient
measurement
Qeur as a functionof i minimum and maximum
input power coupler position value were recorded
Qeut 0f the input power i set to

coupler for mmode

the designed value

Qtrans for mmode

proportional to K¢

proportional to Kt

Qo and Qo value value (steady when
for mmode comparedto single cavity test)
Gamma radiation (X,qy) recorded for recorded for
maximum gradient mazximum gradient

Dark current

¥

recorded when observed

Steps of the step motor i recorded a fter rough tuning
Cavity detuning as a i per formed during
function of the steps Cavity tuner

motor characterization
Cavity detuning as a f per formed during
functionof DCvoltage Piezo DC scan
Advance time, DC Voltage, f recorded during LF'D for

AC Voltage, Frequency

the maximum gradient

Table 3.1: The E-XFEL cavity parameters recorded for the cavity and the cryomodule test

campaign.
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Cavity parameters

Cryomodule
test campaign

FM spectrum 1.2729 — 1.298 GH z ;
Q300K mmode criterium @ 1.29775 GH z
FM spectrum 1.2743 — 1.2998 GH z ;
Q2K mmode criterium @ 1.2997T GHz
Frequencies 1.6 — 1.9GHz (T E1, T M),
and 2.38 —=247GHz (T My1) and
Qioaq for HOM s 103 — 108
Proportional factor Kp 1.38 % 107 + 2.17 * 107%
Mazimum Gradient 31.0MV/m

Operating Gradient

average 27.TMV/m
(design 23.6 MV /m) [75]

Qo for mmode > 1010
Qext as a functionof 1.5 % 10° — 107
nput power coupler position
Qeut Of the input power 4.6 % 10°
coupler for mmode
Qirans for mmode ~ 10"

Quonn and Qronr
form™mode

Quon > 10"
Quons > 101

Gammaradiation (X,qy)
for operating gradient

< 1072 mGy/min

Cavity detuning as a 1 Hz/Step
functionof the steps
Cavity detuning as a 278Hz/65V
functionof piezo's DC voltage
Advance time, 3 — bms,
Frequency, 260 — 280H z,
AC Voltage Polarity Minus

Table 3.2: Typical values or ranges for the E-XFEL cavity parameters recorded during the

cryomodule test campaign.
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Chapter 4

The measurements of the serial
production E-XFEL cryomodules

The work performed in AMTF consisted of two tasks: tests of the RF cavities and
tests of the RF cryomodules. The aim of the cavities test campaign was to qualify them
to the assembly in the cryomodule. The objective of the cryomodule test campaign was
to qualify them for the installation in the E-XFEL accelerator tunnel. In this chapter the
tests of cryomodules are described in details.

The cryomodule test procedure in AMTF covered: RF measurements at 300K, the in-
stallation of the cryomodule in the test-stand, the cool-down to the cryogenic temperature
(namely to the operating temperature of 2K), RF measurements at 2K (the main part
of these tests), the warm-up to the room temperature, deinstallation from the test-stand
and preparation for the storage of the cryomodule. The RF measurements were performed
for each of 8 cavities in the cryomodule and included the following measurements: the
frequencies and loaded quality factors of the cavity modes, the own quality factor, and the
accelerating gradient. Moreover, during the RF measurements, the functionality of equip-
ment of each cavity in the cryomodule was validated under the normal working conditions.

The time foreseen for the cryomodule test was 21 days. The improvements of the cry-
omodule test procedure, which were developed by the IFJ PAN team, allowed to reduce
the nominal testing time to 14 days [81, 82]. The standard cryomodule testing time in-
cluded: time of the cryomodule installation to the test-stand, 48 hours of cool-down, 48
hours of warm-up, time of the RF measurements at 2K, time of the vacuum pumping and
time of disassembly. The improvement of the testing time included: the automation of
the measurements and the reduction of assembly and disassembly time. Not every better-
ment was possible due to the physical limitations of the test-stand’s infrastructure or the
cryomodule. The cool-down and the warm-up process was limited by the cryomodule ma-
terial’s properties and whole process had to be performed at strictly defined cool-down and
warm-up speed. The vacuum operations were bounded by the test-stand’s infrastructure
restrictions (e.g. pumping speed).

During the preparatory phase (2010-2011), the team was trained with the use of pre-
series cavities and cryomodules. The training resulted in: the final organization of test-
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stands and a considerable development of the tests methodology, which is the main concern
of this chapter. The excellent work during the preparatory phase has been
validated by the successful serial-production test campaign performed in the years
2012 - 2016. The whole work described here was an effort of the large team from IFJ PAN,
supported by DESY groups.

The author’s main contribution was the development, optimization and implementa-
tion of the software, which became the principal working tool during tests of the serial-
production cryomodules. The experience gained by the author’s participation in the pre-
liminary measurements and cryomodule tests during the preparatory phase was crucial for
this work. Three packages are selected to present the functionality of the software:

e FunMod - package for steering of the Fundamental Mode spectrum measurement

e HomMod - package developed to perform the Higher Order Mode spectra measure-
ment

o TuneCAV - package developed to tune the cavity with the use of the piezo and the
step motor

Both low power measurements: Fundamental Mode spectrum and HOM Spectra were
performed in the same way during cavity test campaign and cryomodule test campaign.
Thus, the packages FunMod and HomMod were used during both campaigns.

The automation of the measurements procedures allowed to shorten the time and to
improve the precision and reproducibility of measurements, which was also important for
further data analysis.

In the following sections the considerable improvements of the measurement methodol-
ogy supported by the novel software are described. This software is not only a safe guide
line through numerous steps of the measurement procedure but also automatize some of
its steps, which are tedious and time consuming, when performed manually.

4.1 FM spectrum measurement

During the preparatory phase for the serial-production tests (2010-2011), low RF power
measurements were performed manually in order to gain experience with the RF cavities
measurements and to familiarize the team with the hardware (VNA). Because a large
number of cavities in cryomodules was measured during the serial-production test campaign
in years 2012-2016, it was crucial to automate these RF measurements. The cryomodule
low power tests consisted of the Fundamental Mode (FM) and Higher Order Mode (HOM)
spectra measurements. The basic purpose of the Fundamental Mode test was to measure
the frequencies of the modes in T'Myp at 300K and at 2K. The purpose of the Higher
Order Modes test was to measure the loaded quality factors of HOMs at 2K (for details
see Section: 3.3 The E-XFEL cryomodule test campaign).

In order to introduce the subject of the improvement of the Fundamental Mode spec-
trum measurement, the procedure, which existed before the preparatory phase and which
was developed by DESY experts for the FLASH cavities [47, 83, 84], is described in details
in the following section.
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4.1.1 The measurement procedure before the preparatory phase

The measurement procedure was composed of three steps:

[. Rough determination of all 9 resonant frequencies in passband 1.27-1.3 GHz of the
T Mg mode with the use of the VNA.

PXFEL3 1 cavity 6
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|
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Figure 4.1: FM view in the band 1.27-1.3 GHz at 2K for the cavity 6 in the cryomodule
PXFEL3_1. Mode 7/9 is not visible.

An operator sets markers on the selected peaks on the distribution displayed on
the VNA. The resonant frequencies (modes 7, 87/9, ... , 7/9) correspond to the 9
maxima (peaks), which can be found in the plot on the display of the VNA. The
absence of any of the peaks does not mean that the mode does not exist. The
mode might rather not be visible due to the limited VNA resolution, or bad cable
connection, or weak power of the signal from the cavity, which was below the noise
level of the VNA. In such a case the operator sets the marker in the rough location
of the mode based on the knowledge or reference values. The search of the invisible
mode was laborious and required additional measurement time, which depended on
the operator’s experience.
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The examples of such plots are shown in Figure 3.6 at 300K and in Figure 4.1 at 2K
for 30 MHz span (1.27-1.3 GHz). The span of 30 MHz was chosen so that, regardless
of the conditions, the frequencies of 9 modes were within the plot. The number of
points (1601) was equal for 300K and 2K.

II. Measurement of each resonant frequency with the high precision.

Each of the previously marked peaks were re-measured with the small span: 50 kHz
at 2K and 100 kHz at 300K. The number of points used for this measurement was 201
at 300K and 2K. The frequency measurement with such the high precision (presented
in Figure 4.2) was required in order to compare the results with those obtained with
the same precision collected during: the single cavity measurement, before and after
the assembly into the cryomodule and also with the reference data recalled from the
database.

The absence of the peak in this step of the measurement procedure required tedious
action: either return to the first step (rough determination) or/and extension of the
small span to be able to find the resonance.

PXFEL3__1 cavity 6 pimode
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Figure 4.2: Measurement of the m-mode for cavity 6 in cryomodule PXFEL3_1 with the
high precision (50 kHz span).
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III. Check the Field Flatness.

The Field Flatness and its stability is controlled by the MSFD parameter as ex-
plained in the chapter 3. MSFD was calculated for just measured frequencies and
the reference frequencies recalled from the database. If the acceptance criteria were
not met, then the measurement was repeated.

4.1.2 Preparatory phase to the FM measurement

During the preparatory phase for the measurements of the serial-production cryomod-
ules (2010-2011), several improvements of the FM measurement procedure (listed in the
previous section) were investigated. In general, it was assumed that the improvement
should lead to the development of a software with an automatic or semi-automatic control
of the measurement, which should speed up tests and make it possible to measure the FM
at any temperature between 2K and 300K. Discussions during preparatory phase resulted
in the decision, that it is sufficient to test cryomodules only at two temperatures: 300K
and 2K. Yet, even that did not guarantee that recorded spectra of previous measurements
(from the cavities test campaign) will provide useful, valuable reference values which an
operator could use in the peak marking process. Neither the stability of the cavity FM
spectra, after transports and installation into cryomodules nor the corresponding stability
of the Field Flatness was known at that time. Hence, the author proposed to approximate
the measured resonant frequencies of the T'Myo in step I of the procedure with the use of
the cavity model.

4.1.3 Cavity LC Model for frequency estimation (Procedure:
step I).

In order to approximate the resonant frequencies of TM010 during the first (I) step
of the FM procedure (described in Section 4.1.1), the use of the LC cavity model was
proposed. This model is described in details in Appendix A. It allows to predict seven
resonant frequencies out of nine of the TM010 if any two are known (e.g. previously
measured).

Author’s idea was to use the frequencies of the modes with the highest mode numbers
(starting from m = 8 and p = 9) to calculate the 77/9 mode. To calculate the 77/9 mode,
the coupling ks ¢ related to the 8 and 9 modes is used. Next, in order to estimate the 67/9
mode’s frequency: the coupling k7 s and frequency of mode 77 /9 are used. The same steps
are repeated until 7/9 mode is estimated.
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The cell to cell coupling k41 m+2 related to the m + 1 and m + 2 modes is calculated
as follows:

fm+22 - fm+12

fm+12(1 - COS%) - fm+22(1 - COSW)

(4.1)

N | —

km+1,m+2 -

where N is the number of cells : 9.

With the use of the equation (4.1) it is possible to predict all searched frequencies:

L+ 2kmy1mr2(1 — cos(5F))
[ fm+1\/ +1m+ (m]—\if-l)ﬂ (4.2)
1+ 2km+1,m+2(1 - COS( N )

where m is the estimated mode number. m €< 1,7 >.

In the LC model, it is assumed that, all cells are identical. In the case of the real cavity
not all cells are identical due to the allowed tolerances. This model was validated with
the cavities in two pre-series cryomodules: PXFEL2_1 and PXFEL3_1. The cavities were
measured for each cryomodule at 300K and at 2K. The validation of the model is discussed
in the next section.

4.1.4 Observation - predicted and measured frequencies (Proce-
dure: step I).

From the results of the pre-series modules, two observations crucial for the improvement
of the measurement were made. The first observation was done on the difference between
the measured resonant frequencies of the pre-series modules and their approximation during
the peaks detection. The deviations between the approximated and measured values were
analysed in order to estimate the worst prediction.

It was observed that the measurement difference was larger than 50 kHz (span at 2K)
for 44% of the predicted values in the pre-series modules. In Figure 4.3 the difference
between the measured and predicted frequencies of a single RF cavity is shown. These
results show that the approximation method and a small span would not be wide enough
for the correct determination of frequencies.
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Figure 4.3: The difference between measured and approximated frequencies for the given
mode for cavity 8 in cryomodule PXFEL3_1. Modes 87/9 and 7 were not predicted (at
2K).

For a large (more than 50 kHz) difference in a frequency determination, the searched
resonant frequency was out of the measurement range. The solution proposed, on the
basis of the observation, was to increase the span of the measurement. An additional
sweep was added to the procedure with the 600 kHz span. The span was chosen from the
biggest prediction (262 kHz) difference. 801 points measured in this 600 kHz span provided
sufficient resolution, for narrowest peak - 7/9 mode, which is approx. 10 kHz).

4.1.5 Observation - measurement of each resonant frequency with
high precision (Procedure: step II).
The second observation was made in step II of the procedure described in Section 4.1.1,

namely during the measurement with the high precision. In Figure 4.2 the test example for
67 /9 mode measured with the high precision for cavity 8 in PX FEL3_1 is presented, where
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the resonant frequency was measured incorrectly at 2K. At this step of the measurement
the peak is visible, but it was observed in a few cases that the maximum of the peak is
shifted and then the peak is located at the beginning or at the end of the measurement
range. This observation was interpreted as the measurement error.

In Figure 4.4 an example of this error is shown. The maximum of this plot was at the
right end of the span (still on the rising edge), but the searched maximum of that peak
was outside of the measured span. In such cases, repeating of the measurement with the
high precision was required. The frequency of the previously found maximum was set as a
center frequency. The test was repeated until the maximum of the resonance was within
the measured span (few kHz from the edges).
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Figure 4.4: Test example for 67/9 mode measured with the high precision for cavity 8 in
PXFEL3_1, where the resonant frequency was measured incorrectly (at 2K).
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4.1.6 Practice - Field Flatness check (Procedure: step III)

In step III of the procedure the MSFD parameter was calculated in order to estimate the
Field Flatness. When the acceptance criteria were not met, then the relative spectrum was
displayed. In Figure 4.5 the Front Panel of the FunMod package for MSFD calculations with
the relative spectrum is presented. The relative spectrum (red) and its linear approximation
(dashed blue) for a single E-XFEL cavity is shown. The acceptance criterion are marked
with use of the solid green and solid blue. In the Figure 4.5 one may see the example of
control of the measured resonant frequencies. The fifth resonance of the relative spectrum
caused exceeding of the acceptance criteria (solid orange). The re-measurement of the 5th
mode was required. It was the only one deviating from the linear regression line thus the
cause of this issue was wrongly measured resonance. After the re-measurement of the fifth
resonance, the correct frequency was found and the acceptance criterion were not exceeded.
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Figure 4.5: The LabVIEW Front Panel for the MSFD calculation. R; is a relative spectrum.
L; are used to draw a linear regression line. For details see Section 3.2.2. Green and orange
lines are drawn to show which mode is responsible for exceeding of the MSFD.
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4.1.7 Summary of upgrades in the FM measurement procedure

Based on the two observations listed above, the FM measurement procedure (described
in Section 4.1.1) was modified in the following way:

I. Rough determination of all 9 resonant frequencies in 1.27-1.3 GHz (30 MHz) of the
T My1o mode. Choose which peaks will be predicted by the software and which will
be set by the operator (except modes 87/9 and 7). Measure automatically each
predicted resonant frequency with the 600 kHz span.

II. Measure automatically each resonant frequency with the high precision (with 50 kHz
span at 2K and 100 a at 300K). Repeat search of frequency of maximum in the loop
until the maximum is determined within the measured span.

IIT. Check the Field Flatness and when acceptance criteria are not met then perform the
re-measurement of a given mode.

The equivalent LC circuit of the RF cavity was used in order to approximate the
resonant frequencies of 7'My in step I of the procedure. The cavity LC model enabled
to perform the automatic measurement except of the two frequencies (87/9 and 7 modes).
This procedure led to the implementation of the software FunMod developed in LabVIEW,
which controlled the VNA.

Figure 4.6: The LabVIEW Front Panel of FunMod package.
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In Figure 4.6 the main Front Panel of the FunMod package is presented during the
measurement at 2K. The frequencies of the modes are marked with the red line.
The 7/9 mode is marked as the first one from the left side on the plot.

The FunMod software had the following functionalities: loading and saving data in
DESY database formats, saving full sweep data from the VNA in raw data files and defining
reference test parameters for warm and cold conditions. Additionally this software was
also used during HOM couplers rejection filter tuning - another important task to be done
during single cavity testing for its high quality operation [36, 40].

The FunMod package determined the testing time for each step of the procedure which
was independent of the operator and which was crucial in order to plan the work in the
serial-production regime. The first (I) step of the procedure consumed most of the time
of the measurement, it took about 3 min. The second (II) step was performed very fast
(~ 3 sec for each resonance). The third one (III) required only to download the reference
file from the database. One may notice that the most time consuming step (I) might be
then excluded from the procedure because the model enabled to perform the automatically
measurement. However it was recommended to record the whole 1.27-1.3 GHz band
from the VNA in order to control the measurement. This procedure is shown in details in
the block diagram in Figure 4.7.

In case of step I, the peaks approximation was used mainly for the two resonant fre-
quencies at 2K (7/9 and 27/9) and there was no additional time required for the manual
resonance search. At 2K, the peaks approximation was very useful. Typically, the opera-
tor was not able to see all the resonances because of their width (the smallest were about
10 kHz) and a relatively small test system resolution (1601 points for 30MHz span). In
step II, the improvement was based on the recurrent process in order to avoid unwanted
measurement errors, namely when the maximum was found at the ends of the measured
span. The III-rd step was not changed.

To summarize, FunMod package ensured that no human error occurred during the
measurement and provided the control of the measured resonant frequencies with the use
of LC model. The human errors are typically expected during the measurements of serial-
production components, since the same measurements are repeated thousands times.
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l Reset and initialize VNA l

l Set warm params l l Set cold params l
[ I

/ Operator determines roughly 9 resonant frequencies for 30 MHz span . /

/ Operator chooses which modes are going to be approximated (except 87/9 and m mode). /

i=9; j=FALSE;

Move the span’s center frequency
+25 kHz @ 2K or +50 kHz @ 300K

Measure im/9 mode with the high precision.
Span: 50 kHz @ 2K or 100 kHz @ 300K

Move the span’s center frequency
-25 kHz @ 2K or -50 kHz @ 300K

Maximum within the measured span

A

Yes No
Peak i approximated

Calculate approximated mode im /9 with the use of
the (i+1)7/9 and (i+2)7/9 modes. Use LC model for calculation

l Measure mode imr/9 with the center frequency approximated (600 kHz span). l

’ Move the span’s center frequency ‘

+25 kHz @ 2K or 450 kHz @ 300K

Measure ir/9 mode with the high precision.
Span: 50 kHz @ 2K or 100 kHz @ 300K

Move the span’s center frequency
-25 kHz @ 2K or -50 kHz @ 300K

Yes

Maximum within the measured span

Yes

i=0 OR j=TRUE

/ Operator points the file with the reference frequencies from the database

l Calculate the MSFD for the reference and measured data.

MSFD < 10kHz

Operator sets the i-th mode to be re-measured. /
J=TRUE;

Figure 4.7: Algorithm of the FunMod package.
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4.1.8 The discussion of the test results

The FM measurement was the main test for the quality assurance of the cavities
installed in the cryomodules. During the cryomodule testing campaign, the FM spectrum
measurement was performed for all the cavities installed in the cryomodules minimum two
times: at 300K and after reaching of the stable temperature by the cryomodule at 2K.
The basic information collected from the frequencies of the FM was the Mean Spectrum
Frequency Deviation, which provides information about the Field Flatness (FF) deviation.
The amplitudes of the FF notifies about the efficiency of the multicell E-XFEL cavity
acceleration. The constant dependence of frequencies in the FM is an essential information
about cell’s shape stability during: the transport, the assembly, the installation to the test-
stand and the cool-down/warm-up processes.

As mentioned in the previous paragraphs, the LC equivalent circuit methodology im-
plemented into FunMod package for the FM measurement was essential when peaks were
not identified correctly or were not visible during the rough resonances identification (step
I of the procedure). During the preparation and testing campaign, it was noticed that
peak 7/9 mode at 2K was the crucial one for the method, because this resonance had the
smallest amplitude and the narrowest peak in T'Myo. In Figure 4.8, the distribution of the
difference between the measured and approximated values with the use of the LC model
versus number of cavities was presented. The red line shows the normal distribution. The
predicted 7/9 mode was calculated with the use of 37/9 and 27/9 mode. The difference
between the calculated and measured values was validated in order to obtain the worst
precise prediction. The worst difference for 7/9 mode at 2K was 272 kHz, which is a
proof of the validity of the adopted method, where 600 kHz span was used.

The methodology ensured that no human error occurred and provided the data control
of the measured resonant frequencies, because the resonances calculated from the model
were in agreement with the measured resonances. The prediction of resonances is reliable
for multicell cavities without knowing the statistics of similar cavities before to measure-
ment, and is universal for any temperature.
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Figure 4.8: Histogram of the 7/9 mode prediction value.

4.2 HOM spectra measurement

As mentioned before, for the FM test, the measurement’s procedure improvement was
based on the idea of using the LC model of the RF cavity in order to determine the
resonant, frequencies of the cavities. The same method was investigated to be used for
the HOM spectra measurements. The HOM spectra analysis of the RF cavity model to
assess the resonant frequencies [85] showed that this method is not appropriate for HOMs
approximation. The obtained results have shown that the resonant frequencies, especially
for the dipole modes, do not correspond to the values obtained with the LC model.

Thus, another method to enhance the measurement was implemented. Based on the
experience and observations made during the HOM spectra measurement, the sequence of
actions to obtain the loaded quality factors and the frequencies of HOM resonances formed
an algorithm implemented in the HomMod package.
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The general block diagram of the HomMod software is presented in Figure 4.12. The
software is organized in the following way:

I. Rough determination of resonant frequencies in a passband of a measured mode with
the use of the VNA.

XM20 cavity3 TE111

4 S 6 7 8 9

S21 [dB]

1.6e+09 1.65e+09 1.7e+09 1.75e+09
Frequency [Hz]

Figure 4.9: T F11; view in the passband 1.6-1.8 GHz measured for cavity 3 in cryomodule
XM20.

The operator set markers on the selected peaks on the distribution displayed on the
VNA. The distributions were displayed for 3 measured modes T E111, T Mi19, T Mo11
in passbands 1.6-1.8 GHz, 1.78-1.9 GHz and 2.36-2.5 GHz respectively. Within the
passband of the monopole mode (T'Mp;1) 9 resonant frequencies were marked. For
the dipole modes (T'Mj;¢ or T'E111) each peak representing a single HOM was marked
(9 markers in total). The frequencies of each component of the dipole modes were
very close to each other (the difference was less than 1 MHz) and their individual
selection was almost impossible. In Figure 4.9, an example of the dipole mode T E1;
is presented, where only for the 6th pair of components two resonances are clearly
visible with the use of the large span: 200 MHz. In the next step of the HomMod
software, the marked peaks are used to measure each resonance of the dipole modes.
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I1. Automatic high precision measurement of the quality factors and the frequencies.

For each of the previously determined markers the frequencies and the loaded quality
factors were measured automatically. For the monopole mode (T'My;) the quality
factor was measured with use of the equation (2.28) for 3dB drop in the frequency
domain. For dipole modes (T'My19, T'E11;1) firstly the selection of both components
within 2 MHz span was done. Then, the quality factor and the frequency for each
component of a dipole mode was measured. For dipole modes (7'M, T F111) ob-
taining of the 3dB drop from the resonance was often impossible. In Figure 4.10, an
example of such measurement is presented. For the "left” resonance, the 3dB drop
was only measurable on the left side of this resonance. The proposed solutions for
the measurement were: to use the only one side (left or right) of the resonance with
3 dB drop for the calculation or use both sides of the resonance but with 1 dB drop.
Finally, the 1dB method was used, because this method was faster and the accuracy
was good enough for the measurement purpose. In rare cases, when 1dB drop was
not measurable, then only the frequency of the resonance was recorded. Sometimes
2 maxima were not visible - they were fully overlapped. The detailed algorithm of
automatic finding of a single quality factor is presented in Figure 4.13.

Amplitude [a.u.]

Span 2 MHz

Figure 4.10: The amplitude of the driven resonator for two components of a dipole mode.
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I1I.

IV.

Verification of the measurement and the re-measurement by the operator.

The RF operator verified, which of the previously automatically measured resonances
with the high precision should have been re-measured. The verification was required
for the dipole modes. The decision was taken by the operator taking into account
the plots analysis stored in previous step (II).

Amplitude [a.u.]
.
4
\\“‘a

Span 2 MHz

Figure 4.11: The example of the markers analysis.

In each plot, special markers were placed in order to show how the ();,.q was calcu-
lated in the VNA. In Figure 4.11 two examples of such markers are depicted. For
the green dots no re-measurement was needed. For the red dots the re-measurement
was required. Next, the operator repeated the measurements of selected peaks. The
HomMod package was updated for this part of the test procedure and covered the
most frequently used VNA parameters (span, scale etc.) in order to speed up the
time needed for the measurement.

Verification of the measurement results.

The fulfilment of the acceptance criteria was presented in the HomMod package (for
details about the acceptance criteria recall Section 3.2.4). When the threshold of the
loaded quality factor was exceeded, then the non-conformity report was performed
and the DESY experts were notified.



90 4. The measurements of the serial production E-XFEL cryomodules

START

YES
Measured passband is a monopole mode

v Operator sets 9 markers
(one for every two components representing
Operator sets markers on 9 maxima a single HOM resonance)

Find maximum in 2 MHz span for j-th marker

v

Measure Qload and frequency for a maximum
(Execution of subroutine shown in Figure 4.13

YES NO

Measured passband is a dipole mode

Measure Qload and frequency for 2nd peak
in 2 MHz span for j-th marker
(Execution of subroutine shown in Figure 4.13)

NO YES

L 1<9

Operator decides which Qloads and
frequencies should be re-measured.
Operator performs re-measurement.

NO YES

1<3

Figure 4.12: Block diagram of the HOM spectra measurement.
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4.2.1 Methodology validation

The observations from the preparatory phase indicated that the standard test (see
equation (2.28)) of the loaded quality factor [86] in the frequency domain for 3dB drop
was not always measurable to determine the loaded quality factor of the dipole modes.
Two components representing a single HOM resonance were often overlapped. Thus, the
concept of using 1dB drop instead of 3dB for Q);,.q measurement was used and it is depicted
in Figure 4.14.
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Figure 4.14: Amplitude of the driven resonator (eg. superconducting cavity).

For the 3dB drop the power ratio is 0.501, for the 1dB drop it is 0.794. Using this idea
the plot (see: Figure 4.14) of the resonance was treated as a triangle, and the intercept
theorem was used:

fia—fia  —1dB _1-0794 1 (43)
faiz—fsa —3dB "~ 1-0501 " 2 '

Using the 1dB drop the approximation of the loaded quality factor was used as follows:

Lo b
2 fiz = fia

This approximation was experimentally proved, practically convenient, and precise
enough for the purpose of this test.

Qload = (44)
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4.2.2 HomMod - software implementation

The concept of usage of 1dB drop instead of 3dB for ;,.q measurement was imple-
mented into the software HomMod. The software (Front Panel is presented in Figure 4.15)
for the HOM spectra measurement enables to measure first two dipole modes (7T'E};; and
T Mjiyp) and the second monopole (T'My;1) by setting the markers within the areas, where
the quality factors should be measured. It has some additional services: loading and saving
data in the database format, saving full sweep data from the VNA in raw data file, check-
ing the acceptance criteria during the measurement, drawing of plots with loaded quality
factors vs frequency and defining test parameters.
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Figure 4.15: The main Front Panel of HomMod package.

The most common functionalities used during this measurement are listed in the addi-
tional panel of the software (see Figure 4.16). It is possible to measure the frequencies only
or together with the loaded quality factors. The most common spans are also implemented.
On the right side of this panel, colour boxes inform whether HOMs were measured by the
software or by the operator.
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Figure 4.16: The part of HomMod package for manual measurement.

4.2.3 HOM spectra analysis

The measurement of the HOM spectra was performed redundantly. The requirement
of the maximum loaded quality factor was not specified for all resonances in the passbands
because the power induced by the beam in most of the modes will be negligible. For the
resonances, which were not included in the acceptance criteria, the measurement of the
frequencies was carried out in order to ensure that the resonances defined in acceptance
criteria are n-th in passbands.

The measurement of the 9-th resonance of the passband T'My;; was identified as the
crucial one. The first two dipole modes were well dumped (their quality factors fulfilled
the acceptance criteria). In order to dump the monopole mode, the cavities needed an
additional change of their shape in order to suppress the 9-th mode of the 7'My, [48, 55].
The change of cells’ shape had been done during the Field Flatness tuning. Also, the
high quality of the cavity welding was a factor which improved the suppression of the 9-th
mode [53]. All corrective actions were performed for single cavities before the assembly in
cryomodules.

In Figure 4.17 quality factors for all measurements were presented with the acceptance
criteria marked by a red line. Tests were performed during the cavity test campaign in the
vertical cryostat (before installation in the cryomodule) and during the cryomodule test
campaign. As for the cryomodule tests, HOM spectra was not measured for all cavities
in the cryomodules. The tests were suspended from the 36th cryomodule tested. No
change was observed for the quality factors measured during single cavities test campaign
and during the cryomodule test campaign. The measurement was performed only for
the single cavities tests in the vertical cryostats. The HOM spectra measurement was
repeated during the cryomodule test campaign only for cavities, which did not fulfilled
the acceptance criteria during the cavity test campaign. By skipping the HOM spectra
measurement an additional reduction of the testing time was obtained.
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Figure 4.17: Loaded quality factor of the 9-th mode in the T'My;; during all E-XFEL
cavities measurements.

The developed HomMod software improved the measurement’s procedure of the HOM
spectra in the serial production regime. The automation of the measurement was the
natural consequence of previously described improvements. The operator was not able
to measure 90 values for each cavity (the frequencies and the quality factors) as fast as
software did it. Furthermore, the human error was also eliminated. The operator had
the full control of the values of the acceptance criteria. Moreover, the approximation of
the quality factor in the frequency domain, while 1dB drop was used instead of 3dB, was
successfully used for the E-XFEL measurements. This idea was also used to measure the
quality factors of HOMs for other cavities, for example, for those tested at CERN [87, 88].
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4.3 High RF power cryomodule measurements

The high power measurements, namely Flat-Top (FT) and Heat Loads, were performed
in order to test the own quality factor and the accelerating gradient. The purpose of the F'T
measurement was to determine the operating and the maximum gradient of the cavity in the
cryomodule (details are described in section 3.3.5). The operating gradient is the working
point for the cavities operation in the accelerator. The objective of the HL. measurement
was to determine the thermal loads during the normal cryomodule operation (details are
described in section 3.3.6). The result of the Heat Loads measurement was the average
own quality factor of all cavities in the cryomodule.

4.3.1 Lorentz Force Detuning

The high power measurements measurements of the cavities in the cryomodules require
perfect fine-tuning to ensure the correctness of the measured parameters of the cavity.
During the preparatory phase for the cryomodule test campaign (2010-2011), the cavities
were tuned based on the analysis of the phase difference between the voltage from RF
generator and the phase of the transmitted signal (see Figure 3.21). In this method of the
cavity’s fine-tuning the operator activated only the step motor in order to keep the phase
difference constant during the Flat-Top (FT) time of the pulse. Above 20 MV /m of the
measured gradient, the limit for the cavity tuning with the step motor was reached due
to the Lorentz Force Detuning (LFD), which requires much faster mechanical reactions.
As a consequence, the author’s idea was to tune the serial-production cryomodules by
automatically adjusting each cavity’s piezo* and step motor.

Every step motor’s fine-tuning lasted few seconds, while adjustment of the cavity length
with the piezo is possible for every pulse (10Hz). The piezos have two functions. In the
first function the piezo adjusts the cavity statically in the same way like the step motor does
- to counteract the changes of forward power and to counteract the helium level change. In
the second function, the piezo adjusts the cavity length dynamically before (and/or during)
the RF pulse to counteract the microphonics and the mechanical frequency oscillation of
the cavity induced by the Lorentz Force. The second functionality is not realizable by the
step motor.

*Piezoelectric sensors and piezoelectric actuators are shortly named piezos.
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The piezo signal (see Figure 4.18) used for the cavity fine-tuning was a full period of a
sinusoidal signal on the top of a bias voltage and was described by:

e DC voltage - a bias signal that is adjusting the cavity length in the same way like
the step motor,

e AC voltage - amplitude of the sinusoidal signal,

e Advance - time before the beginning of the RF pulse, when the sinusoidal distortion
is applied to the piezo, and consequently to the cavity, in order to induce mechanical
frequency oscillation in the cavity that counteracts the detuning change before the
RF pulse appears,

e Actuator Frequency - a frequency (< 1 kHz) of the sinusoidal signal.

The signal shape applied to the piezo actuator does not have to be sinusoidal. For
E-XFEL, the sinusoidal shape was chosen because of the experience with the sinusoidal
shape technique applied to the FLASH accelerator [91, 93, 94]. The rectangular or the
trapezoidal shapes are also used in other projects [89, 90].

Accelerating gradient

1/Actuator Frequency

Piezo actuator voltage

Amplitude [a.u.]

DC Voltage _

< reme | oy

Time

Figure 4.18: Piezo actuator parameters in relation to the RF pulse (cavity gradient).
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The author’s idea was to adjust the cavity length with the use of both the piezo and
the step motor for 8 cavities in the cryomodule with the use of the TuneCAV package. The
piezo was used for the fine tuning (<~ 3um) in the two previously mentioned functions:
statically and dynamically. The step motor was used for the rough tuning (>~ 3um) and
for the relaxation of piezo’s DC voltage (decreasing to zero) in order not to exceed the
piezo voltage "budget”. The voltage "budget” was the piezo driver limit for the sum of
AC and DC voltage.

The piezo parameters were obtained and modified with the use of the Distributed
Object Oriented Control System (DOOCS) [95]. DOOCS is a software and a hardware,
which provides an access to control parameters of all the devices in the AMTF via network.
Thus, in TuneCAV package, DOOCS is used to control steps of the step motor and 4 piezo
parameters.

4.3.2 Cavity RLC Model

In the TuneCAV package, the calculation of the difference between the cavity’s resonant
frequency and the forward signal frequency during the RF pulse was based on the model
of RF system. The model is presented in Figure 4.19. The model is used to describe the
transient behaviour of the cavity during the RF pulse and the energy transfer between the
klystron, the cavity and the beam. In order to describe the transient behaviour of the
cavity during the measurement, the beam is excluded from the model. The differential
equation of a harmonic oscillator, which is describing the circuit of the RF system with
the cavity, was used, for example, by Schichler [61], Przygoda [91] or Brandt [96]:

2V, 1 av. 1 10l

o2 TRcot TIc T car

(4.5)

Figure 4.19: The RF system model.
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Where:

I. - cavity current,

I, - beam current.

C,L,R’ - capacitance, inductance and resistance of RF cavity,

Zext - external load impedance - represents losses from the generator (klystron) to
the cavity - mainly of the input power coupler [61],

Ry, - loaded shunt impedance (parallel connection of the two parameters R’ and Z,,;).
The power stored in the LC part of the cavity is dissipated in the cavity walls (R'),
but the major part is dissipated outside of the cavity (Z..;) [61]. Thus the external
losses are transferred to the cavity,

V. - cavity (transmitted) voltage,

I, - generator (klystron) current,

The parameters of the cavity [61, 96] are expressed by the parameters of the model and
they are listed in Table 4.1. The parameters of the cavity are applied to equation (4.5):

82‘/; 1 a‘/c 2 RL 8-[0
—Zc == 4.
o2 T r o Tl ot (4.6)
Parameter | Equivalent
L t f; f d d cavit
w — resonant frequency of an undamped cavi
/ C :
Qo R 7 unloaded quality factor
R 2R shunt impedance
| L . .
R/Q 2 el geometric shunt impedance
C .
Qioad R;, 7 loaded quality factor
T R C decay time

Table 4.1: RF cavity parameters listed in section 2.5 and their equivalents [61].
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The cavity (transmitted) signals are sinusoidal: e/“! where j is the imaginary unit and
w is a generator (forward) angular frequency. The V; and I, are slowly varying in time
amplitudes of cavity voltage and current. The example of the amplitude of the transmitted
voltage during the high power measurements was already presented in the Figure 3.20.

AV, oV, R 2L VAT, . VA | =
Vo= Vot =G HaWW) e, Gt = (g + ey W) et (4)
~ oI, ol . ,
lo=Toe™!, o = (7 + jwlo) (4.8)

From equations (4.6), (4.7) and (4.8) one sees that:

vy, oV, . 1 . 9 9 Ry 01y .
iz T 2w+ D)+ V(jw — w0 Fwe’) = — (5 + jwl) (4.9)

Dividing equation (4.9) by 2jw one may observe that:

2
wo?—w®

5~ ~ wy —w = Aw : cavity detuning - a frequency difference between the
frequency from the generator and the resonant frequency of the cavity,

1 0
[ ] ~
27w ’

92V,

® e

is much smaller than other terms in the equation (4.9),

° % is negligible.

Taking into account these assumptions the equation (4.9) is reduced to the following
form:

aVy 1 ) 1
E + (E — jAw)VO = ;RL[(] (4.10)

One might notice that the complex signals representation is also proper [61, 96] and
that the Ry I. may be represented by the Vi, - forward voltage:

oV, 1

‘ 1
ot + (Z - ]AW)‘/C - ;Vfor (411)

The detuning is finally calculated as a real part from the following equation with the
use of the complex forward and transmitted voltages [92]:

8% _ Vfor _{_E

ot T 27
Aw =R 4.12
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The detuning (Aw) defines the difference between the actual frequency of the cavity
and the source frequency. It is calculated for the whole duration of the RF pulse, for the
forward and transmitted voltages. The 7 - decay time is calculated from the amplitude of
the transmitted voltage from the previous pulse (see Figure 2.7).

The detuning (Aw) within the RF pulse, before the fine tuning takes place, is presented
in Figure 4.20. For the TuneCAV control package, three parameters were defined as the
representation of the detuning within the Flat-Top time: Static Detuning (SD), Dynamic
Detuning (DD) and Lorentz Force Detuning (LFD):

o A(f‘)FTstart + AWFTstop

SD 5 (4.13)
DD = A(f‘-}FTstop - AWFTstart (414)
LFD = abs(SD) + abs(DD) (4.15)
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Figure 4.20: Cavity detuning during the RF pulse.
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The Static Detuning (SD) is the cavity detuning value in the middle of the Flat-Top
(FT) duration and is calculated by author as an average value of the detuning at the end
and at the start of the FT. The Dynamic Detuning (DD) is calculated as the difference
between values at the end and at the start of the F'T. The values used to calculate SD and
DD are taken some ps closer (with respect to the middle of the F'T) to avoid non-linearities
in these points. Finally, the Lorentz Force Detuning is defined as the sum of absolute values
of the SD and the DD. LFD is a parameter describing the quality of the tuning.

4.3.3 Cavity tuning algorithm

The control package TuneCAV, was composed of two stages: initialization and control.
During the initialization stage, two piezo default parameters: frequency and advance time,
were set for each cavity and stayed unchanged during the cavity tuning. The initialization
stage was done for "middle” gradients (~ 15 — 20 M'V/m), when the Lorentz Force is
noticeably influencing the cavity behaviour, but is still compensated only by the step
motor. As mentioned before, above 20 MV /m of the measured gradient, the limit for
tuning of the E-XFEL cavity with the step motor will be reached.

During the control stage three controllers were used in order to minimize SD and DD.
Here a noticeable improvement was made in comparison to the FLASH methodology. Two
controllers were used to adjust the length of the cavity in order to minimize the SD. The
first controller was used to steer the step motor (|SD| >= 1kHz). The second one was
used to adjust the extension or contraction of the cavity with the use of the piezo actuator’s
DC woltage for smaller SD (|SD| < 1kHz). The third controller was counteracting the
mechanical resonance of the cavity excited by the RF pulse. It adjusted the AC wvoltage
in order to compensate the cavity length change caused by the upcoming RF pulse (see:
Figure 4.18). Each of the above mentioned stages are discussed in details in the following
sections.

Initialization (mechanical frequency)

During the initialization phase the mechanical frequency response (< 1 kHz) to the RF
pulse was measured. The response was measured from the voltage oscillations of the piezo
sensor, which was connected to the cavity. The mechanical frequency was calculated (with
the use of the Fast Fourier-Transformation (FFT)) from the piezo sensor signal for each
cavity in the cryomodule. The amplitude of the AC and DC woltages on the actuators
were reduced to 0 (ZERO) to avoid the situation, in which the frequency induced by the
piezo actuator could have been measured on the piezo sensor.
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Figure 4.21: Mechanical resonance - frequency identification using piezo.

In Figure 4.21 the typical result of the FF'T calculation is presented. The plotted range
was shortened to the default frequency band. Only single mechanical resonance, out of 3
expected, was excited significantly. This mechanical resonance frequency was in the range
of 200-300 Hz.

The block diagram of the mechanical frequency search is presented in Figure 4.22.

Tune the cavity using the step motor to minimize the SD
Vi

Enable PIEZO
i

SET AC Voltage to 0 (zero)
SET DC Voltage to 0 (zero)
i

Calculate FE'T from PIEZO sensor signal
/

Read frequency of the highest amplitude

The frequency in the range 150-350 Hz

V,

Check the hardware.
Contact responsible for LLRF.

Store the calculated frequency into the piezo driver

Figure 4.22: Block diagram of the cavity mechanical frequency response search.
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Initialization (advance time)

Using the previously found cavity mechanical frequency, the optimum advance time
was searched. The advance time was a time when the piezo actuator should apply the
sinusoidal signal in order to minimize the cavity mechanical oscillation (detuning) caused
by the pulsed RF signal (see Figure 4.18). In this case, sinusoidal voltage (-5V of AC
voltage) was applied to piezo actuator in order to suppress the cavity mechanical frequency.
The cavity reaction as Dynamic Detuning to the piezo signal was measured. The procedure
was repeated for a different advance time. Each step was recorded and formed a DD vs
advance time distribution. The minimum value (see Figure 4.23) of this scan was used as
the advance time (in case of the piezo reversed polarity - maximum).

XM96 cavity 5

300 T

n
(5]
o

Dynamic Detuning [HZz]
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o

100 1 I 1 I

4 6
time [ms]
Figure 4.23: Advance time identification using piezo

During the scan 2 or 3 minima were observed on the plot. The minima and maxima were
the result of stimulating the piezo which was connected mechanically with the RF cavity.
The time of minima depended not on the gradient but on the frequency of the sinusoidal
signal applied to the piezo actuator. For similar minima, the initialization procedure had
to be done again at higher gradients to clarify the best advance time - to enhance the effect
from Lorentz force. Consequently, the advance time ranged 3 — 5ms, which corresponded
to 200-333 Hz of the cavity mechanical resonance. The optimum value of the advance time
was not shorter than that period.

-5V (minus five) of AC woltage was quite small in comparison to the maximum value
used during the AMTF measurements (£ 65 V), but large enough to assure, that the
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changes of the DD during the advance time scan were observable. In case of the highest
voltage, the crossing of 0 (zero) took place on the DD plot and, in consequence, the wrong
advance time was identified. In order to choose the right value of the AC voltage several
values between -65V-+ 465V had been checked and finally -5V was used. The advance time
corresponds to the period of the frequency and together with the polarity of the AC voltage
they correspond to the appropriate phase of the sinusoidal distortion.

During the optimization of the software some other observations were made. For a
part of cavities, during the measurements, the gamma (X-rays) radiation was observed
as a result of e.g. field emission. Wrong advance time was found when gamma radia-
tion was rapidly changing during the DD advance time scan, because changes of the field
emission considerably influence the cavity detuning, gradient and sometimes induce the
cavity quench. For the cavities without measurable field emission, it was recommended to
perform this step with the highest possible gradient.

To sum it up, during the initialization stage and for a given cavity frequency, the
optimum advance time was found in order to counteract the upcoming RF pulse and to
suppress the single cavity mechanical resonance during the cavity operation. The block
diagram of the advance time identification algorithm is presented in Figure 4.24.

Find the piezo frequency

V2
Enable PIEZO
v/

SET AC Voltage to -5 V
SET DC Voltage to 0 (zero)

!

Perform DD scan vs. advance time

AC Voltage = AC Voltage + 1V

DD minimum Y
value below zero

Read advance time for the mninimum value of
the DD. Store read ADVANCE into the piezo driver

Figure 4.24: Block diagram of the advance time identification algorithm
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Piezo and step motor controllers

As mentioned before TuneCAV package had 3 controllers. The first one was minimizing
the DD (see equation (4.14)) by adjusting the AC voltage. The second and third controllers
were reducing the SD (see equation (4.13)) and they were working separately. When
the second controller was setting the signal, the third one was not active and vice versa
(depending on the detuning value Aw). The second controller was adjusting the DC voltage
and the third was changing the steps of the step motor. The Set Points (SP) for all were
ZEro.

Below, the block diagrams of 3 control systems were presented as well as 3 formulas.
According to these equations, the piezo signals or the steps of the step motor were changed:

a) Piezo Dynamic Detuning controller
AC voltage = AC voltage + GainDD - DD

g@—' GainDD Driver Actuator Cavity
DD
AC voltage
V _for
Detuning calculation V.c

Figure 4.25: Piezo control system for minimizing the DD.

b) Piezo Static Detuning controller
DC voltage = DC voltage + GainSD - SD

SP .
H@H GainSD Driver Actuator Cavity

SD

DC voltage

V _for
Detuning calculation V_c

Figure 4.26: Piezo control system for minimizing the SD.
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c¢) Step motor Static Detuning controller
STEPS = STEPS + GainStepMotor - SD

S‘P>®—> GainStepMotor Step 'motorﬁ Step motor Cavity |
driver
SD
STEPS
V_for
Detuning calculation V_c

Figure 4.27: Step motor control system for minimizing the SD.

The methodology included an approach of integration of the automatic control using
both types of the controllers (piezo and step motor) for cavities testing. The measurements
were also done in parallel for all cavities in the cryomodule. It is worth to notice that the
control of the SD was set either by the slow tuner or by the piezo DC voltage controller.
For normal operation, the step motor was used for the cases, in which the detuning was
too large (> 1kHz) and using the full piezo "budget” was not sufficient due to the fact
that it was limited by the driver: 65 V for the sum of AC and DC wvoltage. Moreover,
the algorithm also included piezo relaxation. When any of the software limits for piezo
"budget” was exceeded, then some additional steps were performed by the step motor
("over-tuning” ). It gave piezo the possibility to reduce the DC voltage to zero.

4.3.4 TuneCAV - software implementation

The tuning algorithm described in previous sections was implemented into the TuneCAV
package to control steps of the step motor and 4 piezo parameters. In the Figure 4.28 the
LabVIEW Front Panel of TuneCAV package during the Heat Loads measurement is pre-
sented. All four parameters (DC voltage, AC voltage, frequency, advance time) are listed
for each piezo. It is possible to see each parameter of the Lorentz Force Detuning (LFD)
and control the tuning separately for each cavity. When pressed ”Init” button, the pro-
cedure of finding the optimum advance time and frequency is performed as well. Besides
there are plots in the right side of the panel, which could have been saved
(see: Figures 4.28, 4.29, 4.30):

e Detuning plots in the RF pulse
e LFD since start of the software

e SD and DD separately since start of the software

e Signals from piezo actuator and sensor
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Figure 4.28: The LabVIEW Front Panel for TuneCAV package. Tab
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Figure 4.29: The LabVIEW Front Panel for TuneCAV package. Tabs: ”Controller
Params” and ”Detuning static and dynamic”.
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As mentioned before, because piezos and step motors have some physical limitations,
the software limiters are included in the package. For the expert users, these parameters
are configurable from the main panel (see the Figure 4.29):

Error without reaction - DD or SD value, below which the controllers do not react
Slow tuner error - value of the SD, when the step motor is used instead of the piezo

PIEZO SUM Limit - maximum used value of the piezo voltage. When exceeded the
piezo DC voltage is relaxed by the step motor.

PIEZO Change LIMIT DC - maximum voltage change of the DC part

PIEZO LIMIT DC - maximum value of the piezo DC voltage. When exceeded the
piezo DC' voltage is relaxed by the step motor.

PIEZO Change LIMIT AC - maximum voltage change of the AC voltage
PIEZO LIMIT AC - maximum value of the piezo AC wvoltage
Gain Static - proportional gain of the controller for the PIEZO DC voltage

Gain Dynamic - proportional gain of the controller for the PIEZO AC voltage

Furthermore during each iteration of the controller it is visible, which one changes the
parameter of the piezo or the step motor (see lights in the left side in the Figure 4.29).
Moreover values of SD, DD, LFD are presented (see Figure 4.30).

3 [][@[n]

EEal < e e e e e e e

Figure 4.30: The LabVIEW Front Panel for TuneCAV. Tabs: " Tuning params” and ” Piezo
drive and sensor”.

The methodology of the package is presented in Figure 4.31, where the block diagram
of the developed TuneCAV software is shown. The methodology was also investigated
based on the measurements and is presented in the following sections.
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v

Calculate Steps (see Figure 4.27):
STEPS=STEPS +GainStepMotor*SD

v

Limit GainStepMotor*SD
(MAX Step motor movement)

v
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Piezo DC Voltage controler «

Calculate DC Voltage (see Figure 4.26):
DC Voltage=DC Voltage +GainSD*SD

v
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v
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Set STEPS

Calculate DD

Hardware for AC Voltage OK

Piezo AC Voltage controler

Calculate AC Voltage (see Figure 4.25) :
AC Voltage=AC Voltage +GainDD*DD

v

Limit AC Voltage (AC Voltage MAX change)

v

Limit AC Voltage (MAX Voltage)

Set AC Voltage

Figure 4.31: Block diagram for piezo and step motor controllers, which is describes the TuneCAV package.
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4.3.5 High power RF measurements - results analysis

TuneCAV package used to tune the cavities in the cryomodules improved the quality of
the following measurements: the Flat-Top, the Lorentz Force Detuning compensation and
the Heat Loads. This software was prepared in two versions. In the first one [72, 97, 98],
the application included only the tuning part with 3 controllers. The final version included
the initialization part. TuneCAV package was applied after tests of first 15 cryomodules.

Lorentz Force Detuning compensation for the maximum gradient

The measurements made during the cryomodule test campaign confirmed that using
the automated measurements with the cavity RLC model significantly improves the cavity
detuning. In Figures 4.32 and 4.33, one may find the absolute values of the Static Detuning
and Dynamic Detuning stored in the testing time order. These values were measured and
recorded for the maximum gradient during the Flat-Top measurement. The types of tuning
were coloured differently. First, the tuning was performed manually (blue), then using the
first (green) and final version (red) of TuneCAV package.
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Figure 4.32: Absolute values of the SD for each E-XFEL cavity in the testing time order
saved during the Flat-Top measurement.
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Figure 4.33: Absolute values of the DD for each E-XFEL cavity in the testing time order
saved during the Flat-Top measurement.
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Figure 4.34: Average value of the absolute values of the SD and DD saved for the various
TuneCAV software status.

The average value (see: Figure 4.34) of absolute values of SD, while using the final
TuneCAV package version, was decreased more than 3 times in comparison to the manual
tuning. The DD was decreased 6 times. It meant that the cavities were better tuned with
the final version of TuneCAV software. The average values of the cavities in the last 10
modules were also compared. They were also improved because, during the last tests, the
parameters of the controllers in the TuneCAV package were optimized.

After analysing the results of the Lorentz Force Detuning compensation, it was noticed
that TuneCAV package could be further improved. Firstly, it was presented [91] that
10 Hz threshold for LFD was attainable for FLASH cavities. However, the average results
given in Figure (see: Figure 4.34) exceeded this threshold. It stems from the fact that
TuneCAV package was implemented as a high level software in LabVIEW. Thus, for
10 Hz repetition rate, the parameters of the piezo and the step motor were changed every
second.

Secondly, the author found also another explanation of exceeding of 10 Hz threshold
for the LFD. It was found in the detuning plot during the RF pulse. In Figure 4.35, an
representative example is presented of a detuning plot for the cavity at the high gradient.
The detuning plots for a single measurement for cavity 3 in the module XM100 are pre-
sented at 29 MV /m in two different ranges and scales. Analysing the blue plot, no relevant
information about the reason for exceeding the 10Hz of LFD was visible. Such range was
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Figure 4.35: Detuning plot of a single measurement in two scales for cavity 3 in the module
XM100 saved for the high gradient (29 MV /m).

typically used to depict the detuning of the cavity. Later, when the area at the FT time
was enlarged (see red curve), a characteristic bend was noticed, which might be explained
as an effect of microphonics. The microphonics were not actively dumped in the tuning
algorithm. Furthermore, the increased SD was the effect of the difference between the two
systems calculating detuning parameters. The first one was a server for data acquisition,
which was independent of TuneCAV package presented in this dissertation. The acquisi-
tion server recorded SD in the middle of the FT duration [97], while the package presented
here uses average of the detuning from the beginning and end of the FT (see equation
4.13). If only one application (acquisition server or TuneCAV') had been used to calculate
the SD, 10 Hz would have been achieved.



114 4. The measurements of the serial production E-XFEL cryomodules

Flat-Top measurement

The tuning improvement with the use of TuneCAV package and during the Flat-
Top measurements can be described in terms of power. When the frequency of cavity’s
transmitted voltage is better tuned to the input (forward) voltage then less forward power
is required to achieve the maximum gradient. The author wanted to show this improvement
using the results of the measurement of the XM24 cryomodule. This cryomodule was the
only one that was measured two times during the cryomodule test campaign. During
the first test, the cavities were tuned manually by the operator. The second test was
performed with the use of the TuneCAV package in the final version. The reason for the
two measurements of this cryomodule was a leak in the beam vacuum, which caused that
the cryomodule was re-assembled and re-tested.

In Table 4.2, the results of these measurements are presented. The outcomes of the tests
were the values of the maximum cavity gradient and the related forward power. The first
measurement of cavity 1 was finished at 2 mGy/min, while the second at 10 mGy/min.
The maximum accelerating gradient for cavity 4 in the 2nd test with use of the tuning
software was 19.98 MV /m. To be able to compare the 1st and 2nd test the gradient equal
to the value of the first one was used. The cryomodule results were, however, very good:
the average gradient was above the E-XFEL specification.

Cavity Parameter I — st meas. | I —nd meas.
C1 Power [kW] 172.3 206.2
Gradient [MV/m] 27.0 29.2
C2 Power (kW] 237.8 219.7
Gradient [MV/m] 31.0 31.0
C3 Power[kW] 230.7 227.3
Gradient[MV/m] 31.0 31.0
C4 Power[kW] 93 90
Gradient[MV/m] 19.7 19.7
Cbh Power[kW] 236.0 227.6
Gradient[ MV /m)| 31.0 31.0
C6 Power[kW] 244 244.4
Gradient[ MV /m)| 31.0 31.0
C7 Power[kW] 252.8 249.3
Gradient[ MV /m)] 31.0 31.0
C8 Power[kW] 257.0 223.0
Gradient[ MV /m)| 31.0 31.0

Table 4.2: Comparison of the values of the gradients and forward power used to set those
amplitudes for the cryomodule XM24.

The values of the gradients before and after the re-assembly agreed. The equal gradients
depended on assembly, treatment and the repeatability of the measurement. For cavity 4,
the degradation to the same accelerating gradient for both measurements was visible. For
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other cavities (except for cavity 1), the power limit was reached. The average accelerating
gradient of this cryomodule exceeded the E-XFEL’s nominal (23.6 MV /m). The maximum
gradients did not depend on the effectiveness of the tuning.

The quality of the tuning with the use of TuneCAV package is shown in terms of power.
The power gain with the use of TuneCAV package, when compared to manual tuning, is
presented in Figure 4.36. Cavity one was not taken into account (different gradients). For
the analysed 7 cavities, during the second measurement less power was needed to reach the
maximum gradients, except for the cavity 6. It was believed that for cavity 6 the difference
was only the test error [99]. After summing all the power gains and one loss, the profit
of the software usage for the cryomodule XM24 in comparison with the manual cavities
tuning was 70 kW.

35 | | :

- N [\®) w
(&)} o (&) o

Forward power gain [KW]
o

2 3 < 5 6 7 8
Cavity in cryomodule XM24

Figure 4.36: Forward power gain by the TuneCAV software usage for the cryomodule
XM24.
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Heat Loads measurement

The results received during the cryomodule test campaign confirmed that the usage
of the TuneCAV package improved the Heat Loads (HL) measurement. Author chose the
results of cryomodule XM100. The calculated thermal loads for this cryomodule resulted
in 2.21 x 10'° of the own quality factor, what fulfilled the design threshold. The result of
the thermal loads was obtained for the average gradient 21.66 MV /m.

Proper tuning of the cavity with the TuneCAV package resulted in stable HL mea-
surement. The tuning results are shown in SD, DD and LFD in Figures 4.37, 4.38, 4.39.
The results are separated into 3 phases. During the phase P1 the cavities were roughly
tuned, with the use of TuneCAV package. During the second phase (P2), the TuneCAV
package was not used to control the step motor and the piezos, because the preparation for
another measurement - Cryomodule stable operation took place (see Section 3.3.7). This
measurement was performed in parallel to the HL. measurement during the following phase.
During phase P3, calculations of the thermal loads and average own quality factor during
the cryomodule stable operation lasted about 2 hours. The cavities were operating at the
fixed gradients (set during phase P1) and the fine tuning was maintained with the use of
TuneCAV package.
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Figure 4.37: Static detuning during the Heat Loads measurement of the cryomodule
XM100.
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Figure 4.38: Dynamic detuning during the Heat Loads measurement of the cryomodule
XM100.
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Figure 4.39: LFD during the Heat Loads measurement of the cryomodule XM100.
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One may see in Figures 4.37, 4.38, 4.39 the stable results in phase P3 except the time of
the piezo relaxation. The evaporating helium during the HL measurement was overcome by
the change of DC voltage of the piezo until the ”budget” of piezo was exceeded. Accordingly
the piezo relaxation was switched on. During the HL. measurement the relaxation was done
only once due to the limited time and helium level. The relaxation of the piezo did not
affect the final result of the thermal loads.

Cavity 1 2 | 3| 4| 5 6 7 8
Abs(SD) [Hz] 2.36 | 2.09 [2.31]2.46] 1.96 | 2.20 | 2.69 | 2.13
Abs(DD) [Hz] 1.20 | 1.43 |[1.82 | 1.58 | 2.00 | 2.10 | 2.18 | 2.62

LFD [H7] 356 | 3.53 |4.12]4.03| 3.96 | 4.30 | 4.87 | 4.74
Acc.Gradient [MV/m] | 16.99 [ 17.16 | 23.3 | 24.2 [ 22.97 | 22.58 | 22.69 | 23.41

Table 4.3: Average values of the parameters obtained during the Heat Loads measurement
of XM100.

The average values (of absolute values) of the SD, DD and LFD during the Heat Loads
measurement, of XM100 are listed in Table 4.3. The average value of the LFD is 4.14 Hz,
which is below the 10Hz threshold mentioned in the previous FT analysis.

4.3.6 High power RF measurements - summary

To summarize, the control package TuneCAV was used to tune 8 cavities in the cry-
omodule at one time during the high power measurements by adjusting both: the piezo
and the step motor. The TuneCAV was composed of two stages. During the initialization
stage the frequency of the mechanical oscillation induced by the RF pulse was calculated.
For that frequency the optimum advance time was set. The advance was the time before
the beginning of the RF pulse, when the sinusoidal distortion is applied to the piezo, and
consequently to the cavity, in order to induce mechanical frequency oscillation in the cavity
that counteracts the detuning change before the RF pulse appears. These two parame-
ters, namely frequency and advance time, stayed unchanged during the second stage of
TuneCAV package - during the cavity tuning.

The control of the cavity tuning was realized based on the parameter called the cavity
detuning (Aw). Aw was calculated during the RF pulse and characterizes the difference
between the cavity resonant frequency and the 1.3 GHz. During the RF pulse 2 points
from Aw were used for the control purpose: from the start and at the end of the Flat-Top
time. As a result the Static Detuning (SD) and Dynamic Detuning (DD) were calculated to
characterize the detuning during the RF pulse. SD was used to describe the quality of the
static tuning - to counteract the changes of forward power and helium level change. The
DD was used to describe the quality of the tuning with the use of the sinusoidal distortion.
The calculation of the SD and DD was implemented into the TuneCAV software.
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Two controllers were used in the Tune CAV software to regulate the length of the cavity
in order to minimize the Static Detuning. The first controller was used to regulate the
step motor (|SD| >= 1kHz) for the rough tuning (>~ 3um). The second one was used
to control the extension or contraction of the cavity, but for the fine tuning (<~ 3um) and
with the use of the piezo actuator’s DC woltage (|SD| < 1kHz). The third controller was
counteracting the mechanical resonance of the cavity excited by the RF pulse with the use
of the Dynamic Detuning. It adjusted the AC voltage in order to oppose the change of the
cavity length during the RF pulse. Moreover, in the TuneCAV software the relaxation of
piezo’s DC voltage was implemented in order not to exceed the piezo voltage "budget”.
The voltage "budget” was the piezo driver limit for the sum of AC and DC voltage.

The control of the cavity detuning (Aw) with the use of TuneCAV software was required
to perfectly simulate the working conditions of the cryomodule in the accelerator. The
purpose of the software during the Flat-Top measurement, was to tune the cavity, while
forward power was changing during the cavity processing or finding of the operating and
the maximum gradients. The recorded Static Detuning and Dynamic Detuning for the
maximum gradient are the indication for the cavities optimum tuning in the E-XFEL
accelerator. The recorded frequency was the reference for the accelerator operation. The
advance time corresponds to the period of the frequency and together with the polarity
of the AC voltage they correspond to the appropriate phase of the sinusoidal distortion in
order to damp the mechanical excitation.

Moreover, the TuneCAV was also used during the Heat Loads measurement for a single
value of the forward power (that corresponds to the operating gradient) to check the cavity
under normal working conditions for two hours. In this case the operating conditions were
simulated not only for a single cavity but for the whole cryomodule at once. The recorded
frequency, sign of the AC voltage and the advance time were also unchanged. Finally, the
relaxation of the DC' wvoltage was also executed during every Heat Loads measurement,
which confirms the correctness of the chosen methodology in the TuneCAV software.
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Chapter 5

Conclusions

This thesis presents the measurement process including the quality assurance and
the control methods. During this process, namely cryomodule test campaign, the serial-
production RF cavities assembled in the cryomodules were measured. The objectives of
the cryomodule test campaign were: the measurement of cryomodule parameters required
for its commissioning and operation in the accelerator, the validation of the values of the
design parameters and the verification of the cavity parameters before and after installation
in the cryomodules.

The work, presented in this thesis, was performed in the frame of Polish in-kind con-
tribution to the E-XFEL project in the years 2010-2016. During the first two years (2010-
2011), the author participated in tests of 3 pre-series cryomodules and in the development
of the software in order to improve the testing methodology. The developed software was
successfully implemented and used during the serial-production test campaign (2012-2016).
The author contributed to these tests of 100 serial-production cryomodules and together
with the IFJ PAN team completed the tests of all cryomodules on time, according to the
E-XFEL project schedule.

The cryomodule test campaign consisted of two parts, low and high power RF mea-
surements, which are summarized below:

e Low power RF measurements;

During the low power RF measurements the frequencies and the loaded quality factors
of modes excited in the cavities were tested. These measurements were performed
with the use of the Vector Network Analyzer (VNA) and were composed of two
following tasks:

o The Fundamental Mode (FM) spectrum measurement;

The Fundamental Mode (FM) spectrum measurement was used for the quality assur-
ance of the Field Flatness (FF) and for the control of the frequency of 7 mode. It was
shown that the deformation of each individual cell of the 9-cell cavity changes: the
Field Flatness for the # mode and all 9 frequencies within the Fundamental Mode.
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5. Conclusions

The relation between the change of the frequencies within the FM and the Field
Flatness was observed. The change of the frequencies within the FM was described
by the Mean Spectrum Frequency Deviation (MSFD). The limit of the accepted val-
ues of the MSFD was equivalent to the accepted degradation of the Field Flatness.
Thereby, the measurement of the FM frequencies was used to determine the FF for
cases when it was not possible to access the interior of the cavity to perform the field
profile measurement with the use of the bead pulled through the cavity. During the
cryomodule test campaign the interior of the cavity was not accessible. Thus, the
validation of the FF was possible by comparing the measured resonant frequencies
of the FM to the reference values stored just after the FF tuning.

o The HOMs spectra measurement;

The HOMs spectra measurement provided an information about the HOMs extrac-
tion through the HOM couplers. Two groups of dipole modes (T'Ey1; and T' M) and
the group of monopole mode (7'Mjy;;) were measured. Only part of measured modes
were validated, whose phase synchronous condition with the beam was met. The
HOM’s suppression was validated with the use of the loaded quality factor. @Qoaq
was measured: through the HOM couplers and in the frequency domain from the
width of the resonance curve.

High power RF measurements;

High power measurements performed during the cryomodule test campaign are equiv-
alent to the one QgvsFE,.. measurement performed during the cavity test campaign
(before assembly in the cryomodule). Moreover, during the high power cryomod-
ule measurement, the cavity equipment (input power coupler, step motors, piezos,
HOM couplers) was validated under the nominal working conditions: at 2K, with
the cavities powered from the klystron and with the high power RF pulse.

o K7 and quality factors in the cryomodule;

The K7 is a parameter used to calculate the accelerating gradient E,.. from the
transmitted power. The determination of K7 was performed in order to check its
stability between the cavity test campaign and the cryomodule test campaign. In
addition to the inspection of Kp, the quality factors for the E-XFEL operating fre-
quency of the HOM couplers and the pickup probe were measured. The inspection
was performed with the use of the high power setup for each cavity in the cryomod-
ule. The measurements of Kt and quality factors were carried out with the similar
accelerating gradient, to that one, at which Kt was calculated during QovsFE,.. test.

o The Flat-Top measurement;

The Flat-Top measurement provided an information about the maximum and the
operating gradient of each of the cavity in the cryomodule individually. The maxi-
mum gradient from the cavity test campaign was used as a reference value for the
maximum gradient during the cryomodule test campaign. The maximum gradient
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was measured during the cryomodule test campaign in order to validate the confines
of the RF cavity technology production. The difference between the single cavity
test and cryomodule test was the result of the assembly process. The control of this
difference allows to manage the quality of the cryomodule production.

The operating gradient, which was measured during the cryomodule test campaign,
defined the accelerator’s work point. The operating gradient was compared to the
equivalent usable gradient, which was measured during the cavity test campaign.
The control of the difference between the usable and the operating gradient allows
to manage the quality of the production as well.

o The Heat Loads measurement;

The Heat Loads measurement was performed in order to ensure that the heat load
budget for the design E-XFEL gradient was not exceeded. The )y measured during
the Heat Loads measurement was the average value over all operating cavities in
the cryomodule. The purpose of this procedure was to estimate the cooling power
demands of the cryogenic infrastructure in the accelerator for different working gra-
dients of the cavities in the cryomodule.

The cryomodule measurement’s methodology has been optimized with the use of the
automated software. Three packages were selected to demonstrate the functionality of the
developed software. The first package FunMod is used to measure the Fundamental Mode
spectrum. In FunMod package the lumped LC circuit model of the accelerating RF cavity
was implemented and it was used to predict its resonant frequencies. This package had
a significant impact on the measurements efficiency of the 7/9 mode (of T'My;o) at 2K,
determined the testing time and provided the control of the resonant frequencies. The
use of the model can be applied to all multicell RF cavities measurements and at different
temperatures.

The second package, HomMod, was used for the HOM spectra measurement. During
the manual measurement of the HOM spectra, the author noticed the reproducibility of
the sequence of actions. This sequence of actions was implemented into HomMod package.
The 1dB drop used instead of 3dB was a significant improvement and it was successfully
used for the E-XFEL measurements.

The third package, TuneCAV, was used for the control of the tuning of the cavity with
the use of the piezo and the step motor. The TuneCAV package was implemented in order
to tune the cavities during the Flat-Top and Heat Loads measurements. The purpose
of the package during the Flat-Top measurement, was to tune the cavity, while forward
power was frequently changed during cavity processing or finding of the operating and
the maximum gradients. The Static Detuning and Dynamic Detuning were measured and
recorded as the guiding values for the tuning of the E-XFEL accelerator. In particular the
recorded frequencies and advance time together with the polarity of the AC Voltage were
the reference for the accelerator operation.
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The TuneCAV package usage improved also the Heat Loads measurement. During the Heat
Loads measurement the operating conditions were simulated for all cavities in cryomodules
at one time. The cavities were tuned to their operating gradients and the stability of the
tuning was controlled for each tested cryomodule for several hours. The relaxation of the
DC Voltage was also executed during every Heat Loads measurement.

In conclusion, the main contribution of this work to the cryomodule test campaign, con-
sists of the serial production measurement methodology improvements of the SRF cavities
installed in the cryomodules by the automation of the RF measurements. A vital gains
of this work were: keeping the repeatability of the measurements, minimizing of human’s
errors and keeping the project’s deadline. The results of such an improved measurement
methodology does not need to be limited to the E-XFEL. The optimal designed testing
methodology and automated software is useful for projects with linear accelerators, which
are designed to have hundreds of RF cavities - e.g. for the quality control of European Spal-
lation Source or Proton Improvement Plan-1I cryomodules. The measurement methodology
adaptation requires further studies due to the different project needs (pulse time, quality
factors and power supply scheme) and different design of the RF cavity equipment (fixed
input power coupler).



125




126 5. Conclusions




Appendix A
Cavity LC Model

Figure A.1: The LC equivalent circuit of cavity with beam tube [91].

In this section, the equivalent LC circuit (demonstrated by Sekutowicz [17] and
Padamsee [21]) of the RF cavity and beam tubes, in order to approximate resonant fre-
quencies of T'Myio (FM)) mode during the FM spectrum measurement is presented [105].
The figure A.1 shows a scheme of a lumped circuit of the E-XFEL multicell cavity with
the beam tubes.

In the Figure A.1, the elements are described as follow:

e Cy - capacitance represents cell to cell coupling,
e C - capacitance of each symmetric cell,
e L - inductance of each symmetric cell,

e C,, - capacitance of beam tubes.

From Kirchhoff equations, where j is a loop (cell) number, one calculates:

4 1 1
(iwC’b —f—la}L)Il—l—(w)Il—f—(lek)(ll—IQ) —O (Al)
1 1 1
- — ) 7. __ . T. — A2
ika>(I] Ij1) + (iwL + iwc)lj + (Z-wc«k)(lj Iit1) (A.2)
je <27N_ 1>
1 _ 1 1 B

<ika)([N+IN71)+(ZwL+W)IN—i_(iwa)[N_O (A3)
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A. Cavity LC Model

The equations (A.1-A.3) (multiplied by iw C') are expressed as a matrix, where currents
I; are replaced by voltages in each cell in the cavity v;:

[1+k+y —k 0 0
—k 1+2k —k :
0 . 0 v =0 (A.4)
e —k 142k —k
0 -k 1+k+7]
where the consecutive quantities are defined:
1 i C
wn = —— = —
" VIC Ck
C w2
=—  Qm="m A5

They have the following meaning;:

e [ is cell to cell coupling constant,

v is end cell to beam tube coupling constant,
wo is a cell resonance angular frequency,
Q™ is an eigenvalue of the mm/9 mode for the matrix (A.4).

N is the number of cells in the cavity, which is equal to the number of resonance
modes of the T'My;o in the cavity. For E-XFEL N=9

Moreover it is known [21] that m mode is flat when:

1 —1
o) —

| (A.6)

Thus, using (A.6) in the matrix equation (A.4) one could get that y=2k, so the matrix

becomes:

[14+3k —k 0 0
-k 1+4+2k —k :
0 . 0 |v="Q (A.7)
- —k 142k —k

0 —k 1+ 3k]
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In this tri-diagonal matrix all entries on subdiagonal are equal and those on super
diagonal are also equal except of two end elements. For such matrices the eigenvalues and
the associated eigenvectors are known explicitly [106, 107]. The known eigenvalues are:

Q) — (Fmy2 _ 1 4 o1 — cos(T) (A.8)
Jo N
And corresponding eigenvectors to m eigenvalue are:
25 —1
vj(m) = sin[mmn( ]2N )] (A.9)

Where: j is a cell (loop) number, m is mode number and N is the maximum number
of cell. The maximum number of m and j are the same (N). The equation (A.8) defines
the resonant frequencies dependency of the mm/9 mode. v](m) represents the voltage in the

g cell of the m resonance frequency (mm/9 mode) of the T'Mgyo.

The same eigenvectors and eigenvalues have been found also by others [21], but they
have been calculated by other method. The eigenvectors are as:

2j —1
2N

where B™ is a normalizing coefficient B™ = /(2 — 6,,5)/N and 6,5 are a Kroneker
delta. Other parameters have the same meaning as in the equation A.9. The eigenvalues
are found by taking j equation of the matrix (A.7):

vj(m) = B™ sin[mm(

)] (A.10)

(1 + Zk)vj - /{?(Uj_l + Uj+1) = QUj (All)

The following relation is noticeable vj1 + vi41 = 2vj1cos(mm/N) and it is used in the
equation (A.9). The eigenvalue of mode m is the same as (A.8) .

Finally, from the equation (A.8) one can calculate fy, (resonant frequency of the mm/9
mode in T Myp):

frr = fo\/l +2k(1 — cos(%)) (A.12)
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