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ABSTRACT

Superconducting cavity resonators offer the advantage of high field intensity for a
given input power, making them an attractive contender for particle accelerator
applications. Power coupling into a superconducting cavity employed in a particle
accelerator requires unique provisions to maintain high vacuum and -cryogenic
temperature on the cavity side, while operating with ambient conditions on the source
side. Components introduced to fulfill mechanical requirements must show negligible
obstruction of the propagation of the microwave with absence of critical locations that
may give rise to electron multipaction, leading to a multiple section design, instead of an
aperture, a probe, or a loop structure as found in conventional cavities. A coaxial power
coupler for a superconducting multiple-cell cavity at 3.9 GHz has been developed. The
cavity is intended to be employed as an accelerator to provide enhanced electron beam
quality in a free-electron laser in Hamburg (FLASH) user facility. The design of the
coupler called for two windows to sustain high vacuum in the cavity and two bellows to
accommodate mechanical dimensional changes resulting from cryogenics. Suppression of
multipacting was accomplished by the choice of conductor dimensions and materials with
low second yield coefficients. Prior to integration with the cavity, the coupler was tested
for intrinsic properties in a back-to-back configuration and conditioned for high-power
operation with increasing power input. Maximum incident power was measured to be 61

kW. When integrated with the superconducting cavity, a loaded quality factor of

9x10° was measured by transient method. Coupler return loss and insertion loss were

estimated to be around -21 dB and -0.2 dB, respectively.

XVi



CHAPTER 1

INTRODUCTION

1.1 Particle Accelerators

Accelerator is a device or machine used to produce high-energy high-speed beams
of charged particles, such as electrons, protons, or heavy ions, for research in high-energy
and nuclear physics, synchrotron radiation source, Free Electron Laser (FEL), and certain
industrial and medical applications. From the information obtained with the accelerators,
physicists can determine the properties of the particles and their interactions. The higher
the energy of the accelerated particles, the more closely we can probe the structure of
matter. For that reason a major goal of researchers is to produce higher and higher
particle energies.

Most particle accelerators can be divided into two types: circular accelerators and
linear accelerators. In the circular accelerators, particles move in a circle until they reach
sufficient energy. The particle track is typically bent into a circle using electromagnets.
Figure 1.1 is a picture of Tevatron circular accelerator built at Fermi National Accelerator
Laboratory (Fermilab). The advantage of circular accelerators over linear accelerators is
that the ring topology allows continuous acceleration. Another advantage is that a circular
accelerator is relatively smaller than a linear accelerator of comparable power. A linear
accelerator would have to be extremely long to have the equivalent energy of a circular
accelerator. Depending on the energy and the particle being accelerated, circular
accelerators suffer a disadvantage in that the particles emit synchrotron radiation which is
proportional to the fourth power of the particle energy and inversely proportional to the

square of the radius of the path. It becomes the limiting factor on the final energy of


http://en.wikipedia.org/wiki/Synchrotron_radiation

particles accelerated in the circular accelerator. The linear accelerator concept must be
employed when extremely high energy is required. For this reason, many high energy
particle accelerators are linear accelerators. A typical linear accelerator located at
Stanford Linear Accelerator Center (SLAC) is shown in Figure 1.2. In linear accelerators,
particles are accelerated in a straight line with a target of interest at one end. They are
also used to provide an initial low-energy kick to particles before they are injected into

circular accelerators.

Figure 1.2. A Linear Accelerator at Stanford Linear Accelerator Center



1.2 FLASH User Facility

Superconductivity is a phenomenon occurring in certain materials at low
temperatures, characterized by exactly zero electrical resistance and the exclusion of the
interior magnetic field. The power losses in the SC resonator walls are negligible and
almost all the power can be transferred to the particle beam [3]', which vastly reduces the
energy consumed. In addition, the particle beam so created is of extremely high quality
with small beam emittance growth in accelerating structures [64]. Thanks to their
vanishing electrical resistance, the resonators can be made bigger than normally
conducting designs because fewer interference fields arise. As a result, it is possible to
produce a particle beam with a very small beam cross-section and high beam power. This
means that a high collision rate for the accelerated particles can be achieved, which is the
ideal prerequisite for new discoveries in particle physics. All of those make the SC
approach an ideal choice for high energy accelerators [3].

FLASH which stands for “Free Electron Laser in Hamburg” is a Superconducting
(SC) linear accelerator providing laser-like radiation in the Vacuum Ultraviolet (VUV)
and soft X-ray range to various user experiments in many scientific fields. FLASH is also
a pilot facility for the European X-ray FEL project and a test bed for further research and
development for International Linear Collider (ILC) related SC accelerator technologies.
Many scientific disciplines ranging from physics, chemistry and biology, material
application, nuclear science, and medical diagnostics need a powerful X-ray source with

pulse lengths in the femtosecond range. Such radiation of extreme intensity and

! Corresponding to references in the Bibliography.



adjustability over a wide range of wavelengths can be accomplished when using FLASH
user facility.

FLASH is operated in the self-amplified spontaneous emission (SASE) mode and
delivers sub-picosecond radiation pulses, with a wavelength range from 13 nm to 50 nm
at gigawatt peak powers. In FLASH system the electron beam bunches are produced in a
laser-driven photoinjector and accelerated by a 1.3 GHz SC linear accelerator, as shown
in Figure 1.3. At intermediate energies of 125 and 450 MeV the 1 nC electron beam
bunches are longitudinally compressed twice [23], thereby increasing the peak bunch
current from initially 50-80 A to approximately 1000-2000 A as required for the FEL
operation. Single pass high gain FEL requires long undulator systems. The FLASH
undulator system consists of six modules with a length of 4.5 m each. The fixed gap is 12
mm with a peak magnetic field of 0.48 T realized with permanent NdFeB magnets. The
undulator period is 27.3 mm. A pair of electromagnetic quadrupoles between each of the
six modules provides a large acceptance in beam energy. Finally, a dipole magnet
deflects the electron beam bunches into a dump, while the FEL radiation propagates to

the experimental areas.

1.3GHz SC 1.3GHz SC 1.3GHz SC
RF Gun Module 1 Module 2&3  Module 48&5 R
st nd
1 Bunch 2™ Bunch Collimator Bypass

Laser Compressor Compressor

Figure 1.3. Structure of the FLASH User Facility



1.3  Third Harmonic SC Module

The design philosophy of producing electron beam bunches is based on using a
long laser pulse to pull a long electron bunch from the photocathode. It is presently
impossible to generate ultra-short and highly-charged bunches out of an RF gun exit
because of the strong space charge coupling, especially at low energy levels. Therefore,
in the 1.3 GHz accelerating SC module, the sinusoidal accelerating voltage profile
distorts the long bunches [2]. Such distortion, if not corrected, sets a lower limit on the
compression process and can thus significantly decrease the available peak bunch current.

For the FLASH linear accelerator, the electron beam bunch is accelerated on crest

of the 1.3 GHz SC cavity voltage, V.

"o » Which is defined as the maximum accelerating
voltage acting on a relativistic electron by integrating the electric field along the axis

[57].

cav

Vewr = IOL E(s)exp(—iws/c)ds , where L is the cavity length, ¢ is the speed of light

in vacuum, s is the displacement, @ is the angular frequency, and E(s) is electric field

intensity on the axis.
The accelerating voltage in reality acting on long electron bunches is

V..=V.,-cos(at,) cos(p) [57], where ¢, is beam delay time and ¢ is the relative phase

with respect to the electrons at the center of a beam bunch. Nonlinear distortion of
accelerating voltage or energy distribution is introduced into the FLASH photoinjector
system due to this sine-like voltage profile.

A 3.9 GHz third harmonic SC module was proposed to increase the peak bunch
current of the electron beam and to linearize the accelerating voltage (energy distribution)

acting on the electrons within a bunch in the longitudinal phase space for the FLASH



user facility [64]. A third harmonic module with four 3.9 GHz SC cavities will be
installed downstream of the 1.3 GHz accelerating SC module 1, containing eight 1.3 GHz
SC cavities. A schematic layout of the photoinjector for the FLASH user facility is shown
in Figure 1.4. Installation of the third harmonic SC module will allow us to generate
ultra-short and highly charged electron bunches with an extremely small beam emittance.
Calculated results regarding the energy distribution within the bunch and the electron
charge density are shown in Figure 1.5 and Figure 1.6. This innovative technology is
essential to support a new generation of linear accelerators, electron colliders, and free

electron lasers.

1.3GHz 5C 1#t Bunch 1.3GHz 5S¢
RF Gun Module 1 Compressor Module 2.&3

W= ==

! ! E 3.9GHz Third Harmonic
Laser 5C Module

Figure 1.4. FLASH Photoinjector with Third Harmonic SC Module Installed

3.9 Ghi age. Section

Figure 1.5. Energy Distribution of the Bunch before and after Bunch Compressor without
(Left) and with (Right) the Installation of the Third Harmonic SC Module, calculated
by P. Piot and W. Decking, Fermilab
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Figure 1.6. Comparison of the Electron Charge Density after the Bunch Compressor with
the Third Harmonic SC Module On or Off, calculated by K. Floettmann, DESY,
Germany

The long bunches are accelerated to an energy of about 180 MeV using a 1.3 GHz
accelerating SC module 1. It is sufficient to consider the situation where the goal of the
proposed SC module is to linearize the energy spread within the bunch which is
accelerated on crest of the 1.3 GHz cavity voltage. The sum of the accelerating voltages
from the two SC modules is

V(s)=V,cos(myt)+V,cos(mwt+¢). s is relative displacement to the center of the
bunch. ¥, is the accelerating voltage amplitude of the 1.3 GHz SC module 1 and V| is
the accelerating voltage amplitude of the proposed SC module, which is operated at the
frequency of @, with the relative phase ¢, . Using the Taylor expansion at t =0 of the
sine and cosine functions, that is sin(wt) ~ @t and cos(wt) ~1—(wt)* /2, one can rewrite
equation as [57]:

V(s)=V,cos(m,t)+V, cos(g)cos(wt)—V, sin(g)sin(wt)

V() =V, 4V, 005@) -Vt sinth) — (@00 + (LY cos()

0



The voltage is approximately constant within the bunch if the following

conditions are met:

4 =180 and ¥ = (2o
@, cos(q)

Under these conditions the sum of the accelerating voltages is constant (up to

second order):
1)
V)=V, =V =V,(1-(=)").
2

It is important to note that it is the frequency ratio which determines the amplitude

V, and total voltage amplitude. The normalized voltage V' (s)/V(0) is shown in Figure
1.7 for the comparison of three different scenarios: @,/@,=3 (third harmonic),
o, /w,=4, andw, / w,=2.3. In all cases one can obtain a constant accelerating voltage

within the bunch over a range of 2 mm and only small nonlinear deviations within a
range of about 5 mm. After consideration of the required cavity voltage and the
electromagnetic performance of the beam bunch we will consider the design of a 3.9 GHz
third harmonic SC module which has medium cavity voltage requirement and medium
beam performance for linearity compared to other two choices. As an example we
consider eight 1.038 m long 1.3 GHz SC cavities operated at a gradient of 21.68 MV/m.

The required cavity voltage amplitude and relative phase of the third harmonic module is
equal to ¥, =V,/9=20 MV and ¢ =-180", where V, =21.68x1.038x8=180 MV and
#, =0 . Four third harmonic SC cavities with a reasonably high accelerating gradient can

provide total required gradient of 14.5 MV/m. The whole accelerating voltage with the

consideration of 1.3 GHz and 3.9 GHz SC modules is actually the cumulative effect of



two sine-like accelerating voltages in the cavities the electron beam bunch has gone

through.

1.0005
Looos | ——-f,=13 GHz only —w— f=3f =39 GHz
L0001 —+-f=4f,=52 GHz —a--f=23f=-29 GI&
' T e
09999 | cFEFT AR Teep,
Ko’ & / N w e
= 09997 & =
g rai e / \ AN
2 09995 ¢ o F ! \ \'\\ (O
) ! 1 \
= 09003 | X ,”l ! : AN
{ Y
09991 [ 7 ; \‘ *\
/ 1
i !
0.9989 f : \ Y
0.9987 I ; ‘1 Y
0.9985 T L — +
8 7 6 -5 4 32 -1 0 1 2 3 4 5 6 7 %

Displacement (mm)

Figure 1.7. Total Normalized Accelerating Voltage with or without the Installation of the
Proposed SC Module
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CHAPTER 2

DESIGN CONSIDERATION

2.1 Design of Third Harmonic SC Cavity

Fermilab, as part of the FLASH collaboration, participates in developing, testing,
and assembling the 3.9 GHz third harmonic SC cavities into a four-cavity SC module
shown in Figure 2.1 for use at the FLASH user facility in DESY, Germany. This effort

involves design, fabrication, testing, assembly, and eventual delivery of the module.

Figure 2.1. Third Harmonic SC Module (Top) and the Dressed Cavity String (Bottom)
Inside the Module

Fermilab will provide a module containing four 3.9 GHz third harmonic SC
cavities to be placed in the FLASH user facility. These cavities are TMy;o structure
designed to linearize the energy distribution of the 1.3 GHz accelerating SC cavities in

this linear accelerator, thus providing improved longitudinal beam emittance. The
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required operating gradient is 14.5 MV/m. Another goal of this project is to develop RF
infrastructure at Fermilab by designing and assembling the necessary components
including cryogenic module, qualified SC cavities, power couplers, Higher-Order-Mode
(HOM) couplers, field probes, tuners, magnetic shielding, assembling tooling, vertical
test stand, horizontal test cryostat, testing infrastructures, and shipping equipment for
module transport to DESY, Germany.

Figure 2.2 shows a general microwave cavity used for electron acceleration.
Assume an electron travels at the speed of light. This is a reasonable approximation for
electron-positron accelerators with energies greater than 10 MeV. The charge enters an
accelerating cavity on axis at time ¢ =0 and leaves at time ¢t =L/c, L is the length of
cavity each cell and c is the speed of light. During the transit, it sees a time-varying
electric field. The time it takes the electron to transverse the cavity needs to be equal to

one-half of an RF period for charge to receive the maximum kick from the cavity, that is,

/4 : .
=—, where o, is the angular frequency of the accelerating mode.
@,

L
c

To accelerate an electron beam, the longitudinal component of electric field must
not vanish at the beam axis. Of all the Bessel functions, only J, satisfies this condition
and all possible accelerating modes are of the type TMypp. They are also called monopole

modes [72] because of their field distribution. The TMy;p mode is usually chosen for

particle acceleration because it has the lowest eigen-frequency.
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equator

Figure 2.2. Field Vectors in an Elliptical Cavity Used for Particle Acceleration

The cavity built for the FLASH particle accelerator consists of nine elliptical-
shape cells made of SC niobium. The main advantage of SC cavities is the extremely low
surface resistance. The typical quality factor of normal conducting resonators is about 10°
while for SC cavities it may exceed 10°, thereby reducing the power losses by six orders
of magnitude. SC cavities have been proved to operate at higher accelerating gradient,
lower power demand, and more favorable beam accelerating conditions than traditional
normal conducting resonators [5], [46], [52].

Figure 2.3 shows a 3.9 GHz third harmonic nine-cell cavity which is equipped
with flange ports connecting to the power coupler (port 1), field probe (port 2), and two
HOM couplers (port 3 and port 4). Field probe is a simple 50 € coaxial line and can be
used to measure the field intensities and power decay constant at cryogenic temperature
and vacuum environment. HOM couplers are designed to damp the harmful HOM
powers induced by the electron beam. Klystron powers are electrically coupled to the
cavity through the power coupler and the electromagnetic field is transformed from TEM

wave to monopole TMy;¢p wave in the cavity. The electric field map in the 3.9 GHz third
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harmonic SC cavity with TMy;¢o wave in each cell is shown in Figure 2.4. It should be
noted that a phase difference of 180 ( 7 ) degrees occurs between adjacent cell

boundaries, thus named the 7 mode.

Figure 2.3. Electric Field Vectors in the Cavity (port 1: power coupler, port 2: field
probe, port 3 and port 4: HOM couplers)
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Figure 2.4. Electric Field Map for the Third Harmonic SC Cavity in 7 Mode

The design of third harmonic cavity has been revised to increase the coupling
between power couplers and the cavity end cells. The iris radius of the end cell of the
cavity has been increased to accomplish a better coupling. Regular cells have 30 mm iris
diameter, while the end cell iris from the cavity tube side was increased up to 40 mm in

diameter for better coupling with the power coupler and better damping of the HOM
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waves, which can lead to bunch instabilities and beam breakup. Design parameters of the

third harmonic SC cavities are shown in Table 2.1.

Table 2.1. Design Parameters of the Third Harmonic SC Cavities

Design Parameters Values
Accelerating Structure Standing Wave
Accelerating Mode 7 Mode
Frequency 3.9 GHz
Cavity Length 0.3459 m
Number of Cells 9
R/Q 750 Q
G Factor 275 Q
Accelerating Gradient 14.5 MV/m
Stored Energy 2.5Jat20 MV/m
Epeak/Eace 2.26
Bpeak/Eace 4.84 mT/MV/m
Bpeak at 20 MV/m 97 mT

2.2 Design Philosophy of Power Coupler

Power couplers for particle accelerators are among the most important and
complicated components that interface with the accelerating SC cavities [11]. Power
couplers for SC cavities must meet very strict requirements to perform at high power
levels (at least tens of kilowatts) and in a variety of conditions (continuous wave, pulsed
wave, traveling wave, and standing wave) without adversely affecting the performance of
the cavities they are powering [11]. Producing excellent power coupler designs and

achieving operational performances in particle accelerators are challenging tasks that
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have involved large resources from many research laboratories and facilities [12]. The
designs require state-of-the-art activities in RF, cryogenic and mechanical engineering,
materials science, control theory, vacuum technology, and -electromagnetic field
modeling [6], [11], [12].

Recently, a lot of progress has been made to arrive at the successful design,
construction, and operation of power couplers, as shown in bibliography. Simulations are
now routinely performed for the prediction of electromagnetic, multipacting, and thermal
properties of power couplers. From these studies, optimized designs have been achieved
which can minimize potential problems ahead of final manufacture.

A power coupler can be considered as a properly designed transition in a perfectly
matched transmission line, by which a properly determined amount of power can be
delivered to the cavity and beam at a rate suitable for the specific application [11], as
shown in Figure 2.5. Even though most power couplers do not make use of SC materials,
the tight requirements imposed on them make the activities on power couplers as
challenging as those for SC cavities. In addition, since any flaws of any component
connected to the SC cavities can, and most likely will, degrade the cavity performance
[12], the attention to the details of the design, fabrication, testing, and assembly of the

power coupler is at least as important as that for the SC cavities themselves.
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Figure 2.5. Schematic Diagram of Power Transfer Process

There are several primary functions associated with the power coupler design that
we need to keep in mind [6], [11], [12].

- Efficiently transfer RF power to a load such as cavity and beam with minimum
power reflection thus providing an impedance matching network.

- Serve as a vacuum barrier between an air-filled transmission line and extremely
low pressures in cryogenic environment.

- Serve as a thermal transition from the room temperature to the cryogenic
temperature (2 to 4.5 K) environment with low static and dynamic heat loads.

- Be multipactor-free or provide means such as biasing voltage, changing
component geometry, or surface coating to suppress multipacting phenomenon or
shift multipacting power levels.

- Support clean assembly procedures to minimize the risk of contaminating SC
cavity.

- Provide adjustable options such as bellows design to minimize system thermal
expansion or shrinkage effects.

- Some interlocks should be installed to prevent damage to the power coupler or

even SC cavities during testing and operation.
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2.2.1 Coaxial or Waveguide Power Coupler. Of all the possible geometries for
coupling to SC cavities, two main choices have been adopted: coaxial and waveguide
coupling. Waveguide coupling is conceptually simpler, since it does not require a
transition between the power source and cavity. Due to the existence of a cutoff
frequency in waveguides, the size of the waveguide coupler is generally larger at a given
operating frequency than for the coaxial case.

Not being limited by a cutoff frequency, coaxial power couplers are in general
more compact, especially for low frequency systems, and a variety of geometry and
window arrangements are available to adapt to the specific need of the system. Only
power density considerations and suppression of multipacting levels play a role in
determining the geometry of coaxial power coupling system. The impedance of the
coaxial line can be easily chosen to different values without modifying the coupler’s
outer dimensions to shift power levels at which multipacting may occur. A large range of
coupling values can be achieved by proper insertion of the inner conductor into the cavity
tube when necessary. In Fermilab’s power coupler design, we adopt coaxial coupling
approach to give us more design flexibilities to meet the system needs and design

specifications.

2.2.2 Vacuum and Ceramic Window Requirements. Power couplers must perform as
vacuum barriers between atmospheric pressure at room temperature and extremely low
pressures in cryogenic environment. Windows are designed to separate the vacuum of the

SC cavity from the atmospheric pressure of the transmission line. As electromagnetic
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interfaces, they must satisfy strict matching requirements, so that power is reflected and
dissipated only in minute quantities. Since dielectric materials are used for the
construction of ceramic windows, the manufacturing techniques usually involve
complicated interfaces of conductors, dielectrics, and brazing metals. The failure of a
window in SC accelerator structures can necessitate very costly and lengthy repairs.

In addition, electronic phenomena at the windows can complicate the design.
Multipacting at the windows can be particularly dangerous, as large amounts of power
can be deposited in small areas of the dielectric, potentially leading to failure. In most
cases ceramic windows are made from Al,O3; of 95% or higher purity. Because of its high
secondary electron yield coefficient, coating with Titanium (Ti), Titanium Nitride (TiN)
or other anti-multipactor materials is strongly recommended. In addition careful choice of
window’s geometry can mitigate this phenomenon. Exposure to radiation can also lead to
charging phenomena at the window surface, leading to flashover of the accumulated
charge and to damage of the window.

Windows can come in a circular waveguide configuration or in a variety of
geometries adapted for coaxial lines. In some cases, double windows can guarantee
vacuum property for whole system even if one window fails. In Fermilab’s design two
ceramic windows are used for the power coupler feeding the third harmonic SC cavities.
Cylindrical cold window (close to power coupler cold end) can be assembled to the
cavity under strict clean room conditions thus reducing the risk of cavity contamination.
The circular warm window (close to power coupler warm end) is assembled after placing
the cavity string into the vacuum vessel. With this enhanced design, a failure of one

window does not need to immediately replace the power coupler and possibly the whole
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module. All windows are TiN coated at least on vacuum side, which can dramatically
minimize multipacting phenomenon and flashover activities occurring on the surface of

the windows.

2.2.3 Thermal Transitions. As the RF power must be fed into the SC cavity, the power
coupler must cross the boundary between room temperature RF transmission systems and
the low-temperature SC cryogenic environment, usually 2 to 4.5 K, with or without
dynamic heat load generated by the RF input power. This aspect of power coupler design
imposes very tight requirements on geometries and very delicate balances between static
and dynamic heat loads placed on the cryogenic system. The penetrations must be short
due to the limited radial space available in most cryostat designs. Thus we must employ
materials that can provide large thermal resistance to sustain large thermal gradients
without introducing additional RF losses. In our design, inner and outer conductors are
made of stainless steel which has a larger thermal resistance (smaller thermal
conductivity) compared to the copper. To obtain better RF performance, all stainless steel
components are copper plated on the vacuum side due to the larger electrical conductivity
of copper (smaller surface resistance). Meanwhile intermediate thermal shields including
80 K and 4.5 K temperature fixed points are implemented in the design to minimize the

total conduction and heat loads to cryogenic environment.

2.2.4 Bellows Selection. Most accelerators have adopted a fixed coupling approach,
since the operational beam current is fixed and the beam loading is well defined. In

Fermilab’s power coupler design a fixed coupling option is adopted due to the constant
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beam current (9 mA) input. Meanwhile power couplers must allow for some longitudinal
motion inside the long SC module when the cavities are cooled down from room
temperature to 2 K or warmed up to room temperature. For this reason, bellows in the
inner and outer conductors of the coaxial line are implemented. The power coupler
features a two-bellows design on the coaxial line to allow for tolerance adjustment and

accommodate cavity motion during cool-down and warm-up of the cryostat.

2.2.5 Materials Selection. The third harmonic power coupler features two vacuum
ceramic windows; one is a cylindrical cold window located near the SC cavity and
thermally connected to the cryostat 80 K thermal shield and the other is a circular warm
window mounted outside of the cryostat at room temperature. Both ceramic windows are
coated with a thin layer of TiN for a lower secondary electron yield coefficient to
suppress multipacting and discharging phenomena. The power coupler materials consist
primarily of 316 Stainless Steel (SS), Oxygen-Free High Conductivity (OFHC) copper,
ALOj; ceramic (99.5% purity, TiN coated), and high purity copper plating. Joining
techniques include brazing for the ceramic-to-metal and the stainless-to-copper joints,
and welding for stainless-to-stainless and copper-to-copper joints. The inner conductor
attachment to the cold window assembly requires for electron beam welds. The outer
conductor attachment relies on Tungsten Inert Gas (TIG) welding in an oxygen-free

chamber filled with helium and argon.

2.2.6 Interlocks Installation. The operation of high power couplers must include

adequate protection and monitoring that prevent pressures from reaching the discharge
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limit; that prevent overheating of the power coupler, especially with regard to the
windows themselves; that monitor arcing that can occur at any location within the power
coupler vacuum; and that monitor the electron current near the ceramic windows. The
power couplers in this design have been equipped with different kinds of sensors to
monitor the conditioning effect and to act as interlocks. Vacuum gauges are most
commonly used, detecting the air pressure in system. Small coaxial electron pickups will
detect electron current. Photomultipliers (PMT) will sample light effects. Resistance

Temperature Detectors (RTD) can measure the window’s temperature.

23 Structure of the 3.9 GHz Power Coupler

The team at Fermilab has researched and developed a new 3.9 GHz power coupler
for third harmonic SC cavities after a series of calculations of different power coupler
designs and considerations of electromagnetic, coupling, multipacting, thermal,
mechanical, and material properties. Compared with the 1.3 GHz power coupler for the
FLASH linear accelerating module, a lot of critical improvements have been made to the
3.9 GHz power coupler. It is the first time to use two ceramic windows to enhance the
vacuum level for the entire system and prevent cavity against contamination. With this
enhanced design, a failure of one window does not necessitate the immediate shut down
of the RF module. Two coaxial-bellows sections were designed together to allow for
tolerance adjustment and to accommodate cavity expansion or contraction due to
temperature change of the cryostat while still providing a very low power reflection if
careful selection of the separation distance between the two bellows sections. Unlike the

1.3 GHz power coupler using a DC field applied to the inner conductor to suppress the
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multipacting activity, no multipacting was found for the 3.9 GHz power coupler due to
the dimensional changes and use of the materials with a low secondary yield coefficient.
Meanwhile, heat loads transferring to the cryogenic environment were kept lower than
that for the 1.3 GHz system due to the introduction of the two thermal shields with
constant temperatures.

This is a 50 Q coaxial line with a 30 mm diameter of outer conductor. For the
cold window, we adopted the cylindrical ceramic window with TiN coated to reduce the
secondary electron yield coefficient. For the warm window, we are using a waveguide
circular window with excellent RF performance at 3.9 GHz frequency. We also applied a
two-bellows design for obtaining more mechanical flexibilities. Hollow coupler tip (cold
end) can help to reduce the mechanical stress on cold window area. The simulations did
not show any multipacting activities in the power coupler and third harmonic SC cavity
structures during all possible power ranges. All components of the power coupler,
including cold window, warm window, bellows section, waveguide-to-coax transition,
and vacuum and diagnostic ports were optimized by high frequency simulation software
HFSS for low power reflection at the operating frequency. Static and dynamic heat loads
at 80 K and 4.5 K thermal shields for copper plated stainless steel tubes and bellows have
been analyzed in ANSYS with different RF input power levels. Detailed layout and
design parameters of the power coupler are shown in Figure 2.6, Figure 2.7, and Table

2.2, respectively.
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Figure 2.6. Diagram of the 3.9 GHz Power Coupler

Two Bellows Cylindrical SC Cavity

Cold Window

Electron

Pickups Coupler Tip

Circular Warm

Figure 2.7. General Layout of the 3.9 GHz Power Coupler

Table 2.2. Main Features of the 3.9 GHz Power Coupler

Parameters Values
Frequency 3.9 GHz
Pulse Length 1.3 ms
Repetition Rate 5Hz
Incident Power 9.26 kW at Q.=9x10’
Type Coax
Window Cylindrical and Circular
Impedance 50Q
Bellows Two Bellows
Copper Plated All SS and Bellows

Waveguide

WG284
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The power coupler consists of a “cold part” which is mounted on the SC cavity in
the clean room and closed by a ceramic cylindrical window, and a “warm part”, which is
assembled after installation of the cavity in the SC module, as shown in Figure 2.8. The
warm part contains the transition from rectangular waveguide to coaxial line. This part is
evacuated and sealed against the air-filled waveguide by a second ceramic window. The
elaborate two-window solution was chosen to get maximum protection of the SC cavity
against contamination during mounting in the module and against window fracture and

vacuum leakage during testing and operation.

Cold Part

Warm Part

Figure 2.8. Warm Part and Cold Part Configuration of the Power Coupler
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CHAPTER 3

RF DESIGN AND MODELING

3.1 RF Simulation of Coupler Subcomponents

Finite Element Method (FEM) electromagnetic modeling programs such as HFSS
and Microwave Studio have been used to evaluate the field distributions in SC cavities,
power couplers, and transitions and improve the impedance matching at windows,
bellows section, and waveguide-to-coax transition [15], [40], [43], [59]. It must be done
to ensure proper power transfer and minimize standing waves in the components. The
FEM is a numerical technique for finding approximate solutions of the classic Maxwell’s
equations. The solution approach is based on rendering the partial differential equations
into an approximating system of ordinary differential equations, which are then
numerically integrated using standard techniques such as Euler's method or Runge-Kutta
method, etc.

It is preferable to locate the power coupler for a SC cavity just outside the end cell
instead of inside the cell to reduce the risk of thermal breakdown or field emission of the
cavity itself. Figure 3.1 shows the electric field vectors in the coupling area of the power
coupler and the first three cells of the third harmonic SC cavity. Power is coupled to the
cavity through a coaxial power coupler and the electromagnetic field is transformed from
TEM wave to TMy;o wave in 7 mode. Structure layout of the power coupler is shown in

Figure 3.2.


http://en.wikipedia.org/wiki/Numerical_analysis
http://en.wikipedia.org/wiki/Partial_differential_equation
http://en.wikipedia.org/wiki/Ordinary_differential_equation
http://en.wikipedia.org/wiki/Euler%27s_method
http://en.wikipedia.org/wiki/Runge-Kutta
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Figure 3.1. Electric Field Vectors in the Coupling Area
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Figure 3.2. Detailed Layout of the Power Coupler

3.1.1 Cylindrical Cold Window. The cylindrical cold window operated at 80K degree
shown in Figure 3.3 is made of alumina (AI203) with a dielectric constant of 9.8 and can
be easily adapted for coaxial lines. From RF simulation we find that the reflection
coefficient is very sensitive to the length of A. Careful selection of A is important to
obtain an excellent RF performance of cold window. After optimization, the S11
parameter is limited to 0.027 when A is equal to 10 mm. S11 parameter curve is shown in
Figure 3.4. Field maps are shown in Figure 3.5. All field maps shown in this thesis are

calculated and plotted for an incident power of 1 W.
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Figure 3.3. Geometry of the Cylindrical Cold Window
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3.1.2 Two Bellows Sections. Two coaxial-bellows sections were designed together to
allow for tolerance adjustment and to accommodate cavity expansion or contraction due
to temperature change of the cryostat. At first, only one bellow section was put in the
design, but the power reflection was relatively high even though various shapes and
numbers of convolutions were tried. It was found that the power reflection could be
substantially reduced if two bellow sections separated by odd integer multiple of quarter
wavelength were employed. In this way, the reflected waves from the two bellows
sections are made to cancel each other at the input port. S; is equal to 0.002 at 3.9 GHz
in this refined configuration, as shown in Figure 3.6. The field map is shown in Figure

3.7. Almost no standing wave regime may exist between the two bellows sections.

S11 i versus freq
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T T
— Two-bellows section
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Figure 3.6. S;; Parameter Curve of the Two-Bellows Sections
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Figure 3.7. Electric and Magnetic Fields of the Two-Bellows Sections

3.1.3 Waveguide-to-Coax Transition. A waveguide-to-coax transition must be
applied to connect the klystron output and the coaxial power coupler. A door-knob design
has been adopted to meet this requirement, as shown in Figure 3.8. The field mode at 3.9
GHz is transformed from TE;y wave in the rectangular waveguide to the TEM wave in
coaxial line. S;; parameter shown in Figure 3.9 is equal to 0.0025 at 3.9 GHz with two

pumping ports installed in the waveguide. Field maps are shown in Figure 3.10.

Figure 3.8. Diagram of the Waveguide-to-Coax Transition
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Figure 3.9. S;; Parameter Curve of the Waveguide-to-Coax Transition
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Figure 3.10. Electric and Magnetic Fields of the Waveguide-to-Coax Transition

3.1.4 Circular Warm Window. A circular warm window operated at room
temperature with two waveguide openings on both sides shown in Figure 3.11 can be
easily implemented into the rectangular transmission line just before the waveguide-to-
coax transition. Circular warm window 1is designed and fabricated by an industrial

company, CPI. The warm window is made of high purity alumina with a dielectric
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constant of 9.2. Comparison of the S;; parameters calculated by CPI and at Fermilab is
shown in Table 3.1. Reflection coefficient can be reduced to 0.03 at 3.9 GHz operating

frequency as shown in Figure 3.12.

Figure 3.11. Diagram of the Circular Warm Window
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Figure 3.12. S;; Parameter Curve of the Warm Window

Table 3.1. S Parameters Calculated by CPI and at Fermilab

S Parameters CPI Fermilab
Si 0.024 0.0336
VSWR 1.05 1.07

Return Loss -32.4dB -29.5dB
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3.2 High-Power Test Stand

It is important for the power couplers to be tested with high power prior to the
assembly on a SC cavity cryostat since any flaws or contamination of the power couplers
can degrade the cavity performance. Two power couplers will be assembled in back-to-
back arrangement with their probes connected by a waveguide transition on a test stand
shown in Figure 3.13. Our design can enable maximum power transfer between power

couplers in waveguide (S;;=0.0085). S;; parameter and field maps are shown in Figure

3.14 and Figure 3.15.

Figure 3.13. General Layout of the High-Power Test Stand
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Figure 3.15. Electric and Magnetic Fields in Waveguide Transition of the Test Stand
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33 Simulation of Full Geometry

The structure of the power coupler is quite complicated as discussed earlier. All
parts including cylindrical window, circular window, bellows section, waveguide-to-coax
transition, and diagnostic ports were optimized for low power reflection and dissipation
at the operating frequency. Finally full geometry was simulated to check the resulting
return loss, insertion loss, and field distributions. After careful selection of the geometry
and the materials, the return loss was reduced to -21 dB and the insertion loss was only -
0.2 dB, respectively, as shown in Figure 3.16. Plane AA’, to which the return loss is
referred in Figure 3.17 is the input port of the waveguide tube. The insertion loss was
calculated between plane AA’ and plan BB’ which also served as an interface for the
power coupler and the cavity. It is obvious that both windows are placed in the locations
with low amplitudes of electric fields according to Figure 3.17. As a result, the risk of
excessive electromagnetic heating, voltage breakdown, and multipacting phenomena for

the windows is minimized.

NI
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Return Loss and Insertion Loss (dB)
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Figure 3.16. Return Loss and Insertion Loss Curves of the Power Coupler
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CHAPTER 4

COUPLING OF POWER TO THE CAVITY

4.1 Model of Equivalent Circuits

Power measurements without beam load are necessary methods for predicting SC
cavity and power coupler performance before the operation of accelerating particle beams
[1]. To predict the performance more accurately, a second order differential equation by
modeling a series of lumped equivalent circuits is created to represent this one-port RF
coupling system. Some equations are also developed for power calculations at steady
state and transient state. It is necessary to understand and control the cavity and power
coupler behavior during testing and operation [7], [39], [54]. First, the RF coupling
system equivalent circuit model is set up, and the relation between the parameters of the
cavity and the equivalent circuit is introduced. Then the differential equations for the
coupling system working in steady state are derived. Finally, the transient state equations
are obtained for pulsed power calculations by solving this differential equation for the
equivalent circuit with specific boundary conditions.

In general, a third harmonic SC cavity is equipped with one power coupler, one
field probe, and two HOM couplers. The power coupler supplies the RF power to the
cavity. RF signal picked up from field probe is used to detect the field frequencies,
intensities, and to calculate the accelerating gradient in the cavity from the time constant
factor. HOM couplers are used to extract the harmful HOM power induced by the particle
beam. The coupling strength of the field probe and HOM couplers at the fundamental
frequency of 3.9 GHz is very weak and can be neglected in the equivalent circuit model.

A third harmonic SC cavity assembled with a power coupler operating at 3.9 GHz is
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shown in Figure 4.1. Diagram of the power delivery process is shown in Figure 4.2.
Between the klystron and the power coupler is an isolator which ensures that power
reflecting from the cavity is terminated in a matched load. Good isolation is necessary
since the klystron may be destroyed by the reflected power. The equivalent circuit of the
entire coupling system without beam loading is shown in Figure 4.3. In this calculation
only ohmic loss due to the cavity surface resistance is considered. It is noted that
additional losses from electron field emission and cavity quench may be induced into the
system at very high accelerating gradients. At the system nominal value of 14.5 MV/m
accelerating gradient, we only consider the effect of ohmic loss with a good

approximation for the coupling system.

| . T AF

TTTYE ?“;::aﬁ*

Figure 4.1. Third Harmonic SC Cavity Equipped with a Power Coupler
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Figure 4.2. Diagram of the Power Delivery Process

Figure 4.3. Equivalent Circuit Model of the Coupling System

The klystron and isolator combination is modeled by an ideal voltage source V,
with a serial resistor R, . Cavity in resonant mode can be equivalently described by

means of a serial RLC circuit, where R, L, C are the resistance, inductance, and

capacitance of the SC cavity [1]. The power coupler is modeled by a voltage transformer

with a turns ratio of 1 to n.

i

\/E-a)OC

The cavity voltage is defined as V, = =d-E . . Here d is the effective

cavity accelerating length, £ _ is the cavity accelerating gradient, and |I | is the
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amplitude of circuit current / . Generally, the cavity’s intrinsic parameters are defined at
the cavity resonance frequency o, .

2
n’R, |1|
— an

2

The cavity emitted power P, and dissipated power P, are P = d

. The external

L oz i
- - 2

. The cavity stored energy at w, is U =
Y 8y & % 2 2 2aC

oU ol 1
P n’R, o Cn’R,

e

. The cavity

quality factor of the RF coupling system is O, =

oU ol 1 o 1
P, R woCR’ " JLC’

intrinsic quality factor is Q, =

. . . 0, P n’R
The power coupler coupling coefficient is defined as £, = 50 = ?e =2 £. And
e d

c

. . .1 1 1
the loaded quality factor O, for the whole coupling system is —=—+— or
o & 0O
w,L 0,
O =Rk 145
TR, + B,
: . : v? 1
The cavity shunt impedance R is defined as: R=-%“=——-— and
P, Ro,C
R R 1 ) o .
—=—=——=g,L [1]. Normally the R/Q is the cavity instinct parameter which can
0 0 oC

be determined by the cavity geometrical structure from FEM simulations. Based on

above equations, the equivalent circuit parameters of the SC cavity can be expressed as:

ol RO ol (RO
(R/Q), 20 0, O
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In the circuit shown in Figure 4.3, the differential equation based on Kirchhoff

current law relating current / and generator voltage V, is [1]:
dl ) 1 B .
L=+ ("R, +RC)I+EJ[dt =nV, , that is

2 dv.
Ldl—2+(n2R,+Rc)£+i:n £
dt ¢ d C dt

At steady state, the generator voltage can be written as V, =V, exp(iaf) .
Substituting ¥, into this main equation, the current / at resonance frequency is solved as

v, n,

"= R+8) RU+p)

exp(iamyt) .

The incident power, what the cavity can obtain from the generator, is

2
v, 2
P =%=% . According to the definition, the cavity dissipated power is
4 14
2
P — RC |]| — 4ﬂeE
T2 1+B)

wR I 4p°P
2 (+B)

The cavity emission power is P, = = B.P,. Then the cavity

accelerating gradient can be written as £, = and the

_ \/4ﬂe(R/Q)QLB
‘ \/E-da)OC

d*(1+ 5,)

reflected poweris P =P —P,.

If the incident power is pulsed wave, the cavity is working under a transient state
at the pulse start and end periods. For a standard square wave pulse, the generator voltage

V, =V,exp(ioyt) after the RF power switch on, and V, =0 after the RF power switch

off. The circuit current during RF power switched on becomes [1],
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—L I—ex M I—ex Do -exp(im,t) .
TRA+p)| P 2QL TR )| P\ Tag, | RN

Then the cavity accelerating gradient can be written as

1 \/4ﬁ L(RIQ)O,F exp[_ o tj
J_choc d*(1+ f2.) 20, )|

dh

The cavity stored energy change is P, _EL and the reflected power is

P=P-P

r i d

~P.
After switching RF power off after a duration of pulse length 7, , the main

differential equation becomes

2
Ld—+( R +R)£+i=0
dar’ C

The boundary conditions for this transient state are (¢t —>o)=0 and

1 (ro)=M l—exp(—&ro . Then, the circuit current / is obtained as
R.(1+5) 20,

7,) —iw,(t—1,) and the reflected power becomes

I = I(ro)exp{—

L

P=-P,-P=P.

Analytic solutions including dissipated power, stored energy change, reflected
power, and emitted power for the pulse length of 1300 ws at different loaded quality
factors are graphically shown in Figure 4.4, Figure 4.5, and Figure 4.6. To maintain a
14.5 MV/m accelerating gradient, the required power from the generator is ranging from
5 kW to 15 kW, depending on the system’s loaded quality factors. At first, most power is

reflected during the filling stage of the cavity. After then, the reflected power will pass
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through the zero level and reaches its nonzero steady-state level which is almost equal to
the incident power. When the klystron is abruptly turned off, the reflected power is just

equal to the emitted power and exponentially decreased to zero.

Coupling Powser to the Cavity (O¥T 4e5, Pi=11.25kW)
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Figure 4.4. Power Level and Accelerating Gradient Curves at Q, =7.4x10° and Incident
Power of 11.25 kW

Coupling Power to the Cavity (Q=8eS, Pi=2.26kW) Coupling Power to the Cavity (QI=9e5, Pi=9.26kW)
16
r T
14 l\
12
10 / \
E
=
£ ; = / \
B = ‘é 8
; al |
2 : H H £ H )
ok : S PR O 1 S 6 o PR 6
= Incident Power 1 i H H
-----==- Emitted Power i
- 4
- Stored Energy Change 3 ——— Accelerating Gradient
Dissipated Power 4
i ==== Reflacted Power & 2
i i 3 : i
0, =0 o) il 0 o o i o0 T80 o0 0 200 400 600 800 1000 1200 1400 1600 1800 2000
Time {us} Time (us)

Figure 4.5. Power Level and Accelerating Gradient Curves at Q, =9x10° and Incident
Power of 9.26 kW
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Figure 4.6. Power Level and Accelerating Gradient Curves at Q, =15x10° and Incident
Power of 5.56 kW

As shown in Figure 4.7, the reflected power changes from an almost square
waveform to the classical waveform shown in above figures and the accelerating
gradients are increasing to the 14.5 MV/m designated level when the frequency of
incident power is closing to the cavity resonance frequency, 3.9 GHz. The equivalent
circuit model including a series of lumped equivalent circuits can accurately describe the
RF coupling system’s operating conditions. These equations and solutions can be used to
exactly calculate the SC cavity parameters, power levels, and monitor the coupling

effects.
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Figure 4.7. Power Level and Accelerating Gradient Curves at Q, =9x10° and Incident
Power of 9.26 kW, Operating off the Resonance Frequency

4.2 Required Incident Power from Klystron

A current source in parallel with the generator in the equivalent circuit model can
be simply represented the beam current based on a series of observations and
assumptions [55]. It is useful and important to investigate the required incident power
from the generator for the coupling system with relation to the loaded quality factor and
beam current [55], [58]. There are many ways to get this solution, while the easiest one is
to derive from the vector diagram [55] shown in Figure 4.8 instead of from the circuit

differential equation.

Figure 4.8. Vector Diagram of the Generator-Induced Voltage and the Beam-Induced
Voltage in a Detuned Cavity
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Some definitions are mentioned in advance. V, is the combined cavity voltage, V,
is beam-induced cavity voltage, and V, is generator-induced cavity voltage. /, denotes

the beam current and 7, is generator current, ¢ is the beam delay phase and

tany =Q, (% —wﬂ) denotes the detuning angle, respectively.
0

It is a simple process to write the following two equations [55] from the vector
diagram,

V.=V, cos(¢,—0+y)-V,cos(y +¢,)

0=V,sin(¢,—0+y)—V,sin(y +¢,)

By replacing cos(¢, —0+y) and sin(¢ —O+y) , and using the following

equations:

2
(g)QL :VEC a;lzj —2R, . V, = /8?}13 cosy » and V, =R, I, cosy =2R, 1, cosy . Here
0 (70)
2R

L

1,, denotes the DC beam current and P is the incident power to the cavity.

Finally, we get (for heavy beam loading, £ >>1) [55]:

2 (g)'QLIbo (S)QL Iy
P=—7 (1+ cos@,)’ +(tany ——=———sing, )’
R V. V.
4(6) 0, c c

The required incident power from the generator for different loaded quality

factors and beam currents are calculated and shown in Figure 4.9 and Table 4.1.
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Figure 4.9. Incident Power Level as a Function of the Beam Current and the Loaded
Quality Factor

Table 4.1. Required Incident Powers versus Loaded Quality Factor and Beam Current.
Minus value means the phase of the incident wave is changed by 180 degrees.

Q 7.4x10° 8.3x10° 9%10° 9.5x10°  13.3x10° 15x10°

lh»=0 mA  11.25kW 10 kW 926kW  877kW  627kW  5.56 kW
I10=9 mA 0 kW -0.15kW  -043kW  -07kW  -397kW  -584 kW

The design of the third harmonic coupling system can couple the proper amount
of power to the cavity and the beam and guarantee the minimum power consumption
from the generator. The klystron can even be turned off under some special conditions.
The coupling system can be easily adapted to meet the requirements of different scenario
applications through adjusting the power coupler penetration length or the generator

power level and phase.
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4.3 The External Quality Factor

The external quality factor is a very important parameter which needs to be set to
couple proper amount of power from the generator to the cavity and the beam [58]. The
external quality factor as a function of the power coupler penetration length was
calculated from a nine-cell cavity model built in HFSS, as shown in Figure 4.10. To
calculate external quality factor, we built the following RF model. Input power coupler
was 30 mm away from the end cell, which is the actual distance in operation. Power
coupler tip has the same level with the cavity tube. HOM coupler was added to the input

side of the cavity tube.

azrohm  —1 ¢
impedance of
free space port1
Open |
boundary |

Figure 4.10. Nine-Cell Cavity Model Equipped with Power Coupler and HOM Coupler
Built in HFSS

Electric field distribution in each cell on axis is shown in Figure 4.11. Quality

Jo

factor can be approximately calculated from formula, O, = O, :E, where Af is the
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3dB bandwidth [41]. To get a higher coupling, we can insert the power coupler tip a little

bit inside the cavity tube. Simulation results are shown in Figure 4.12. When the power

coupler tip is flush with the wall of the cavity tube, an external quality factor of 1x10° is
obtained. A higher coupling value can also be reached by proper adjustment of the power
coupler penetration length. Minus value means the power coupler is away (outside) the
wall of the cavity tube. Zero penetration length means the power coupler is just flush with

the wall of the cavity tube.
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Figure 4.11. Electric Field Distribution in Nine-cell Cavity on Axis
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Figure 4.12. External Quality Factor versus Power Coupler Penetration Length
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CHAPTER 5

CALCULATION OF MULTIPACTING

One of the major problems for accelerator components operating in vacuum is
electron multipacting. Multipacting is a phenomenon of resonant electron multiplication
in which a large number of electrons build up an electron avalanche. This avalanche
absorbs the RF energy, leading to remarkable power losses and heating of the walls,
making it impossible to raise the accelerating fields by increasing the input power [16],
[17], [20]. Multipacting may cause breakdown in high power RF components such as
power couplers, SC cavities, and ceramic windows [65], [75], [76]. Figure 5.1 is a picture
of one-point electron trajectories for order one, two, and three. The order of a
multipacting resonance is a measure of the number of full RF cycles it takes an electron
to return to its original emission site. In effect, the quality factor of the SC cavity abruptly

reduces at the multipacting threshold, as shown in Figure 5.2.

iet Ovder 2nd Ordar ard - Order

1 EBEIT

Axig

Figure 5.1. Typical Multipacting Electron Trajectories
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Figure 5.2. Cavity Quality Factor versus Electric Field with Multipacting

The mechanism for multipacting can be described as follows. An electron is
spontaneously emitted from the surface of an RF structure and driven by the
electromagnetic field. When the electron impacts the wall, it may release one or more
electrons from the surfaces of the wall. The number of the secondary yield electrons
depends on the impact energy of the impacting electron and the wall material
characteristics at the location of the impact. Those secondary yield electrons are again
accelerated by the field and yield new impacts and possibly new secondary yield
electrons [4], [24], [38]. In appropriate conditions the process repeats and number of the

electrons may increase greatly, leading to an electron avalanche, multipacting.

5.1 Techniques to Suppress Multipacting

There are a number of approaches to deal with multipacting. This can be done by
changing the shape of the RF structure or by changing the surface properties of the
structure. If operation is required at a field level that is above a multipacting resonance to
the structure, problems can be avoided by changing the electromagnetic field distribution

to disrupt the resonance pattern of the electrons.
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5.1.1 Changing the Geometry. The best approach to avoid multipacting problems is
to modify the geometry of a structure to totally avoid multipacting. For coaxial lines this
could mean changing the diameter or the impedance of the line. For resonators this could
mean changing the shape of the RF surface in the problematic region. Figure 5.3 shows
the concept of a major change in RF resonator geometry that became standard for most
SC cavities in operation today. The multipacting electrons are drifting from the iris area

to the equator area and almost vanish after changing the cavity shape.
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Figure 5.3. Change of the Geometry to Avoid Multipacting

5.1.2 Changing Surface Conditions. Even when resonant conditions for electrons
exist, they do not automatically lead to a resonant buildup of electrons. If the secondary
yield coefficient [48] of the surface at the impact energy of the electron is less than unity,
no electron might be reemitted or this single electron might just be scattered off the
surface. This effect opens the possibility to choose materials with a smaller secondary
yield coefficient to minimize or avoid electron multiplication without having to change

the geometry.
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A standard technique to anti-multipacting for power couplers is Titanium (Ti) or
Titanium Nitride (TiN) coating [42]. The secondary yield coefficients of Ti or TiN shown
in Figure 5.4 over a wide range of impact energies are less than unity, thus not leading to
electron multiplication. Since RF windows are usually made of alumina whose second
yield coefficient can typically reach maximum values of 2 to 8. To reduce both surface
charge buildup and the secondary yield coefficient of a window, a thin TiN coating is
generally deposited at least on its vacuum side. Figure 5.5 is a picture of the cylindrical
cold window for the third harmonic power coupler with TiN coated on both vacuum
sides. This technology is an important method to anti-multipacting phenomena in power
coupler design. Metallic surfaces often cannot be coated. For these, conditioning with

modulated RF power can clean surfaces and lower secondary yield coefficients.
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Figure 5.4. Secondary Yield Coefficients of Some Materials
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Figure 5.5. Cylindrical Cold Window with TiN Coated

5.1.3 DC Field Biasing. Since resonance conditions for electrons are tightly connected
to the shape of RF surfaces and the resulting RF fields, a minor change in the RF fields
could also provide a disruption of the resonance paths. A standard procedure for power
couplers uses the superposition of DC fields over the resonant RF fields to obtain a
disruption of the resonance conditions. This technique, called biasing, usually uses DC

electric voltages in the kV range for coaxial power couplers.

5.2 Multipacting Calculation

“MultiPac” is the code we used for multipacting calculation which is created from
University of Helsinki for analyzing electron multipacting in the axis-symmetric RF
structures with the TMy,, mode, such as SC cavities, power couplers, and ceramic
windows [19], [36], [37]. The program finds the multipacting field levels and locates and
identifies the multipacting processes. This package contains a graphical MATLAB user
interface and a FEM field solver [77]. The simulations are carried out in three steps. First
the program calculates the time harmonic electromagnetic fields in the given RF design.

To this end an axis-symmetric FEM field solver with an automatic mesh generator and
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eigen-value solver has been developed. Then the program finds the multipacting field
levels by tracking electron trajectories. Thirdly the program can locate and identify the

multipacting electron trajectories.

5.2.1 Third Harmonic Elliptical Cavity. Generally, multipacting will only occur in a
region of the cavity where magnetic field does not vary much along the cavity wall and
stable trajectories are possible. This usually occurs in the high-magnetic-field regions
near the equator, where magnetic field approaches its peak value. The electrons are
accelerated by the electric field while the magnetic field turns them around. By far the
most successful solution to anti-multipacting was to round the cavity wall to make an
elliptical cavity. In this shape, the magnetic field varies along the entire cavity wall so
that there are no stable electron trajectories, as electrons drift to the equator within a few
RF periods. At the equator, the perpendicular component of electric field vanishes, so that
the secondary yield electrons do not gain any energy and the avalanche is not happened,
which means there is no sufficient energy to create further electrons.

Multipacting calculation results of the middle cell and end cells in the third
harmonic SC cavity are shown in Figure 5.6 to Figure 5.11. The enhanced counter
function is the total number of secondary yield electrons after a given number of impacts
(usually 20-50). From electron trajectory curves we detect electrons drift to the equator
within a few RF periods and final impact energy is very low. Secondary yield coefficient
of SC material, niobium, at this energy range is much less than unity so that there is no

new electrons can be released from the surface, thus no electron multiplication occurred.
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5.2.2 Coaxial Line. Usually the multipacting in standing wave (SW) in coaxial line is
due to the electric field only. In fact, the powers that yield multipacting can be found by
computing the trajectories at the maximum of electric field only, where the magnetic field
is close to zero and hence, the repelling force vx B which can drive electrons move in
radial and axial direction i1s minimal. Second, both one-point multipacting (from outer
conductor to itself) and two-point multipacting (from outer to inner conductor and back)
may occur. In the traveling wave (TW) operation the impacting location appear again
close to the maximum of the electric field and the electrons are slowly traveling along
with the wave as the waveform moves. Therefore, in the TW operation multipacting may
appear on the entire coaxial line due to the effects of both the electric and magnetic
fields.

We have calculated several cases for the power coupler coaxial line including SW
and TW scenarios. We haven’t found any multipacting activities during the whole
operating power levels. According to the multipacting scaling law we can say
multipacting power levels are shifted to high levels due to the coaxial line parameters and
operating frequency. Of course there are some potential multipacting activities shown in
Figure 5.12 and Figure 5.13 when power levels are higher than 400 kW in TW regime,

but those levels are greatly beyond the FLASH power coupler operating levels.
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Figure 5.13. Typical Electron Trajectory of Coaxial Line in TW

5.2.3 Cylindrical Cold Window. Here we calculated three cases, mixed wave
(reflection coefficient is equal to 0.875-0.484j), SW (reflection coefficient is 1 for
magnetic boundary and reflection coefficient is -1 for electric boundary), and TW
(reflection coefficient is equal to 0). No electron multiplication was found except for one
case shown below. This is a two-point first order electron trajectory with power range
from 100 kW to 150 kW in SW regime and reflection coefficient is equal to -1.

Multipacting activity is fixed on warm side (input side) where inner conductor and



59

ceramic window is just connected as shown in Figure 5.14 and Figure 5.15. Actually this
multipacting power range is still much higher than the power coupler maximum incident
power level (around 15 kW) and the maximum reflected power level (around 60 kW). No

multipacting issue needs to be worried about for this case.
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CHAPTER 6

THERMAL ANALYSIS

6.1 Theory of Heat Transfer

Heat tends to move from a high-temperature region to a low-temperature region.
This heat transfer may occur by the mechanisms of heat conduction and radiation.
Conduction is the most significant and dominant means of heat transfer in a solid. On a
microscopic scale, conduction occurs as hot, rapidly moving or vibrating atoms and
molecules interact with neighboring atoms and molecules, transferring some of their
energy (heat) to these neighboring atoms. Denser substances are usually better
conductors; metals are excellent conductors. The law of heat conduction, also known as
Fourier's law, states that the heat transfer rate P through a slab or a portion of a perfectly
insulated wire, as shown in the Figure 6.1, is proportional to the gradient of temperature
difference. It is measured in watts. Heat flux is defined as rate of heat transfer per unit

cross-sectional area, and is denoted Q, resulting in units of watts per square meter.

Heat Flow
 ——

Figure 6.1. Heat Transfer Model
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p=—ikal
dx
P dr
:—:—k—
Q A dx

A is the transversal surface area, dx is the thickness of the body of matter
through which the heat is passing, £ is a thermal conductivity dependent on the nature of
the material and its temperature, and d7 is the temperature difference through which the
heat is being transferred.

Figure 6.2 is showing the typical thermal conductivity curves for copper and
stainless steel which are mainly used in the power coupler design. The heat conduction

law forms the basis for the derivation of the heat differential equation and formula of

thermal resistance.

Thermal Conductivity of OFHC Cu (RRR=100)

14
hitp:fcryagenics.ist govinewfiles/OF HC-Capper bt "

Thermal Conductivity of 316SS

Thermal Conductivity (Wim-K)
—

Thermal Conductivity (W/m-K)

Handbook an Materials for Supercoriducting Machineny, Nov 1874
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Figure 6.2. Thermal Conductivity Curves of Copper and Stainless Steel
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g_pcor

The general heat conduction equation is V*T + P Here g is the rate of
¢

energy generation per unit volume. The unit is —. C is the heat capacity. p is the
m

density of material. k£ is the thermal conductivity.
The general conduction equation is changed to V°T =0 (steady state) if there is

no heat generation. The problem to solve is a boundary problem with internal power

. .. T,-T .
source and fixed temperature points as boundary conditions. 7'(x) = 2L Lx+T, is the

solution for this second order equation. Then we find the heat transfer rate and heat flux
are:

dr _T,-T, _T,-T,

P=—fkA—=
dx L R,
kA
P dr T -T.
Q A dx £
k

The conduction thermal resistance describes the thermal properties of the
materials and can be calculated:

L L T,-T
th =_—or th =75

kA A" k(yar

When introducing additional heat generations at steady state, we can rewrite heat

conduction equation to:

v7+%=0



63
Solution of this equation is 7'(x) = %x(L -x)+(T, - T;)%-{‘ 7, . And maximum

. . . ) dT .
temperature point can be obtained after solving equation d—:O , that 1is
X

kT,-T,
x=—=+— :
2 g L

It is useful to note that we put a "one-dimensional" constraint on the problem. A
problem is considered one dimensional if things happen only along one dimension. This
means that we are assuming that the heat going from the left side to the right side does
not escape to the ambient. Well, the only way to do this is if we insulate the surface of the
wire using a perfect insulator. In that case we end up with a consistent definition for the

thermal resistance because all of the heat goes from 7, to 7,. These assumptions are

accurate enough to simulate and analyze the thermal properties of the 3.9 GHz power

coupler within an acceptable tolerance and approximation.

6.2 Calculation of RF Power Loss

In thermal design for third harmonic power coupler, we must employ materials
that can provide large thermal resistance to sustain the large thermal gradients without
introducing additional RF power losses [60], [73]. In the design, inner and outer
conductors are made of stainless steel with a larger thermal resistance (compared to
copper) which can withhold larger thermal gradients. To obtain better RF performance,
all stainless steels are copper plated in vacuum side due to the larger electrical

conductivity of copper (smaller surface resistance). Meanwhile two intermediate thermal
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shields including 80 K and 4.5 K degree points are included in the power coupler design

to minimize the total heat loads to the cryogenic environment [8], [21].
The incident power is P, = I (ExH)ds =(2rwaH ))* x Z , where Z =60 ln(é) is the
a

coaxial line impedance, b is the radius of outer conductor, and a is the radius of inner

conductor. RF power loss is:

2raH L 1 L
Ps = Ps_inner + Ps_outer _( \/_ ) (_

+_
o, 2rad, o, 2rad,

R _inner + Bv _outer 27Z.aH 1 1 1
e
L V2 o, 2rad, o, 2rad,

~ |

1 . . . : .
Here 6 =———— 1is the skin depth of copper, L is the line length, and o is the
7w fuo

electrical conductivity of copper.

Then we can write the peak heat flux O and average heat flux é expressions:

F_ L 0.1Jf(GHz)P, 01 /(GHz)P,
Q = Qinner _{_QOWW — sfmner/ s— auter/ — ( ( ) 0

2ra 27b 2ra \/7 27b’ \/;b

— 0.1 GHz)EBr 0.1 GHz)Pr
Q aner +Q0uter = f(2 ) : + f(Z ) :
2ra\jo, 27b” /o,

T=duty factor = pulse lengthxrepetition rate

Figure 6.3 is showing the average heat fluxes applied on the surface of inner and
outer conductors due to the RF power loss. We find that most power loss is applied on the
surface of inner conductor due to the higher magnetic field intensity. The higher incident

power levels, the larger heat flux will be applied.
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Figure 6.3. Average Heat Fluxes Applied on Inner and Outer Conductors at 1.3 ms and 5

Hz Pulsed Power

6.3  Thermal Analysis of the Power Coupler

The power coupler is a coaxial design with RF power transmitted in the annular

region. It provides RF power to the cavity and interconnects different temperature layers

in the module. Thermally, it represents a link from room temperature transmission line to

the SC niobium cavity operating at 2 K. At present the analysis includes the major heat

transfer mechanisms: heat conduction and RF joule heating from power loss. Therefore

static and dynamic scenarios have been analyzed. 80 K and 4.5 K thermal shields are

chosen to minimize the conduction and RF loss heating. Heat loads transferring to those

thermal shields can’t be higher than the designated limits (1 W). Figure 6.4 is a schematic

diagram of the thermal model built in ANSYS. Figure 6.5 is the typical temperature map

of the coupler and the ceramic cold window area at 50 kW, 1.3 ms, and 5 Hz pulsed

power level.
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room temperature 300K 80K point 4 5K point

stainless steel copper plating ceramic window stainless steel copper plating

Figure 6.4. Thermal Analysis Model in ANSYS

Figure 6.5. Temperature Maps at 50 kW, 1.3 ms, and 5 Hz Pulsed Power Level

The plating thickness of the power coupler was chosen to 15 wm for outer
conductor, 30 wm for warm side of inner conductor, and 50 um for cold side of inner
conductor based on the requirements from fabricating facility. All inner and outer
conductors are made of stainless steel. Ceramic windows are made of 97.5% alumina.

The material properties including copper, stainless steel, and alumina are shown in Figure

6.6 and Figure 6.7.
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Figure 6.6. Thermal and Electrical Conductivities of Copper

Thermal Conductivity of 316SS Thermal Conductivity of Alumina
18.0 B E I I e S o B Rt
16.0 F--l-trTtHAE--"A-FTtHTtH-——-I-F17
/- - T T T 1 T el el s B B
g 1404 / - " i
1 E Lo - L L LHH- =44 L HA 444
> // H s B ,,,,,,/,,,, “E343
2 1001 Z £
s / 2
3
2 80 / - I B A _ L L R I
o &
- o
g 60 =
£ 7 - N I o v 1 o A A I N T
2 H
£ 40 / £
20 ::777***77*7**7”*7777*****
0.0 Co 011000 1 rrorm 11
0 50 100 150 200 250 300 350 04
Temperature (K) 1 10 100 1000
—+— Handbook of Cryo Engg —s— Handbook on Mati for SC Mach Temperature (K)

Figure 6.7. Thermal Conductivities of Stainless Steel and Alumina (Ceramic Window)

Figure 6.8 and Figure 6.9 are showing the temperature distributions along the
surfaces of inner and outer conductors with different incident pulsed powers. We found
that the temperature of the coupler tip which is inside the cavity tube was in the range of
80 K to 100 K depending on the incident RF power levels. The radiation heat to the SC
cavity tube is very small at this temperature range and can be neglected. We have also
calculated the heat loads transferring to the 80 K and 4.5 K thermal shields, as shown in

Table 6.1. Please note that the heat load to the 80 K thermal shield consists of two parts,



68

one is from the outer conductor, and the other is from the ceramic cold window. The
temperature of cold window was almost constant due to the introduction of 80 K thermal
shield, which greatly reduces the possibility of window fracture. The heat loads at both
80 K and 4.5 K thermal shields were kept less than the system designated limit, 1 W.

Therefore the requirements on the design of the cryostat are relatively loose.

Temperature on the surface of inner conductor
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Figure 6.8. Temperature Distributions along the Surface of Inner Conductor
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Figure 6.9. Temperature Distributions along the Surface of Outer Conductor



69

Table 6.1. Heat Loads at 80 K and 4.5 K Thermal Shields

Pulsed 80K Thermal Shield 4.5K Temp. at Temp. Gradient
Power Thermal Coupler Tip of Cold Window
Shield
50kW, 0.31 (outer conductor) +  0.19 W 9533 K 80.147-80.096
1.3ms, 5SHz 0.24 (window)=0.55 W =0.051 K
50kW, 0.29 (outer conductor) +  0.18 W 8331 K 80.069-80.045
1.3ms, IHz 0.11 (window)=0.40 W =0.024 K
80kW, 0.33 (outer conductor) +  0.20 W 103.74 K 80.201-80.131

1.3ms, SHz 0.34 (window)=0.67 W =0.07 K
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CHAPTER 7

HIGH-POWER TESTING AND PROCESSING

Power couplers were fabricated in industrial facilities with the collaboration of
Fermilab’s guidance. At first, some parts of the power couplers did not pass the quality
test due to the vacuum leak problems or copper plating defects. After being repaired, all
components including cold assemblies, warm assemblies, and outer conductors were
returned to Fermilab and ready for high-power test. Component pictures of the power
coupler are shown in Figure 7.1, Figure 7.2, and Figure 7.3. All components are made of
high quality stainless steel except the rectangular waveguide, which is made of copper.
All stainless steels are copper plated at least on the vacuum side for better RF
performance. Return loss measurement of the power coupler at room temperature is
shown in Figure 7.4. The return loss is about -19 dB at the operating frequency compared
with the simulation result, -21 dB. Only 1.26% of incident power is reflected back at the

input port of the power coupler.

I —

Figure 7.1. Power Coupler Warm End Assembly



Figure 7.2. Power Coupler Outer Conductor Assembly

Figure 7.3. Power Coupler Cold End Assembly
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Figure 7.4. Return Loss Curve of the Power Coupler

71 High-Power Test Stand

It is important for the power couplers to be tested with high power prior to the
assembly on a cavity cryostat since any flaws or contamination of the power couplers can
degrade the cavity performance [28], [29], [66], [67], [69]. The power couplers must first
be thoroughly cleaned in an ultrasonic bath. Two power couplers were assembled in
back-to-back arrangement with their probes (tips) connected by a waveguide transition on
a test stand shown in Figure 7.5. This design can enable the maximum power transfer

between the couplers in the waveguide.
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Number |Descriptions

1 Power Feed/Input Port

2 Power Load/Output Port

3 Wavegunide Transition

456 Photomultiplier Tubes

7, 8,9, 10 | Electron Pickups

11, 12 Resistance Temperature
Detectors

13, 14, 15 | Vacuum Ton Pumps

16, 17, 18 | Vacuum Ton Gauges

Figure 7.5. High-Power Test Stand

The whole process must include adequate protection to prevent vacuum leak,
windows overheating, and arcing or sparking phenomenon. The power couplers and test
stand have been equipped with various kinds of sensors including vacuum gauges,
electron pickups, PMT, and RTD. Before testing the whole assembly was baked at 150 C
degree for two days to remove the impurities. After being cooled to room temperature the
pressure was in the 107 N / m® range. The testing is usually done at traveling wave
condition with pulsed power at the repetition rate of up to 2 Hz and under room
temperature environment. The power is cycled from low to high levels, starting with
short pulses (20 ws). After reaching the rated level (60-70 kW of peak power) the pulse
length is doubled and the power rises again from low levels. This process will be repeated
until the full pulse length of 1300 ws is reached. Coupler testing procedure is

summarized in Table 7.1.
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Table 7.1. High-Power Testing Procedures

Parameters Procedures
Pulse Length () 20, 50, 100, 200, 400, 800, 1300
Rep. Rate (Hz) 0.2,0.33,1,2
Wave Mode Traveling Wave
Peak Power (kW) Maximum 80 or Klystron Output Limit
Frequency (GHz) 3.9
Number of Sensors 4 Electron Pickups, 3 Photo Detectors (PMT), 2

Temperature Detectors (RTD), 3 Vacuum Gauges

Diode Peak-Detector Calibration

Diode peak-detectors can give a reasonably accurate method of determining RF

power delivered to a load for low level signals. Measured output DC voltage is simply

equal to some fraction of the input peak voltage of the RF waveform. Any accurate power

envelope measurement using a diode peak-detector must calibrate out the detector

response in advance. Figure 7.6 shows a simplified diode peak-detector circuit model,

assuming that the diode responds only to the envelope of the source voltage and that the

source envelope is constant.

= Ay

Figure 7.6. Simplified Diode Peak-Detector Model
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The source voltage V,, is assumed to be an RF waveform. The diode current-

YD

voltage relationship is approximated as i, =/ (e —1), where v, is the voltage across

the diode, c, 1s a physical constant, and /, is the saturation current of the diode. Solving

. . . i
this equation for v, results in v, = ¢, ln(1£+1) .

N

o . V.. . .
The circuit current is expressed as, / :R—": i, . Using the above equations, the
L

V
source voltage can be expressed as, V., =V, +v, =V +¢ In(—*—+1).
L”s

It is obvious that the source voltage can be calculated from measured output
voltage using an equation of the form

V.=cV +c/In(c,V, +1), where ¢, c,, and ¢, are physical coefficients.
Given a set of measurements of V, versus V, for an actual diode peak-detector,

the coefficients of ¢,, ¢, and ¢, can be determined using a generalized regression

method.
The diode peak-detector calibration procedure consists of applying a known
source voltage and measuring the output voltage. The experimental setup for the

detectors used in the high-power testing system is shown in Figure 7.7.

Signal »| Narda Diode & 1K Ohm »  TeKtronix
Generator Detector Load Box Oscilloscope

Figure 7.7. Detector Calibration Measurement Setup
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The diode peak-detector circuit is made up of both the Narda diode and the 1 kQ
load. The Tektronix Scope is the actual scope used in the high power testing system. The
signal generator is set to the desired operating frequency and the output response is
measured as a function of the signal generator level.

The diode peak-detector calibration procedure was applied to the six detectors
currently used in the coupler high-power testing system. The coefficients for each
detector are shown in Table 7.2. A typical response curve is depicted in Figure 7.8 which

represents the diode peak-detector for measuring klystron forward power.

Table 7.2. Diode Peak-Detector Calibration Coefficients

Diode Detector Coefficients Cy ¢ c,
Klystron Drive Power 2.196 0.025 1515
Klystron Forward Power 2.207 0.024 1673
Klystron Reflected Power 2.183 0.024 1890
Input Power of Test Stand 2.185 0.023 2070
Reflected Power of Test Stand 2.205 0.025 1910

Output Power of Test Stand 2.245 0.023 1536
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Diode Detector (Klystvon Forward Power)
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Figure 7.8. Diode Peak-Detector Typical Output Response

7.3  Testing and Processing

7.3.1 RF System Diagram. RF system diagram for high power testing is shown in
Figure 7.9. A very detailed RF diagram including all components and devices is shown in
Figure 7.10. Drive power, forward power, and reflected power of the klystron can be
measured via directional coupler 1 and 2, respectively. Input (feed) power and output
(load) power of the test stand can be measured from directional couplers 3 and 4,
respectively. RF isolator is a passive device that is used to control the propagation of RF
signals. It is a two-port unit that allows signals to pass in one direction while providing

high isolation for reflected power in the reverse direction.
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Figure 7.9. RF Diagram of High-Power Testing System
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Figure 7.10. Detailed Layout of the RF Testing System

7.3.2 Klystron. Klystron is used as an amplifier at radio frequencies to produce the

driving force for linear accelerators. Klystrons have the advantage (over the magnetron)

of coherently amplifying a reference signal so its output may be precisely controlled in

amplitude, frequency, and phase. Klystrons amplify RF signals by extracting energy from
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a DC electron beam. A beam of electrons is produced by a cathode and accelerated to
high voltage (typically in the tens of kilovolts), as shown in Figure 7.11. This beam is
then passed through an input cavity. RF energy is fed into the input cavity at its natural
frequency to produce a voltage which acts on the electron beam. The electric field causes
the electrons to bunch: electrons that pass through during an opposing electric field are
accelerated and later electrons are slowed, causing the previously continuous electron
beam to form bunches at the input frequency. The electron bunches excite a voltage on
the output cavity, and the RF energy developed flows out through a waveguide. The spent
electron beam, which now contains less energy, is received by a collector. A 3.9 GHz
klystron designed for the third harmonic system is shown in Figure 7.12. The klystron has
a maximum output power of 80 kW at pulsed mode. The pulse length can be increased to

1300 ws and the repetition rate can reach 5 Hz.

RF input RF output
\d Electran beam \d
Anode
Input Output
Cathode cavity C Aty Callector

Figure 7.11. Two-Cavity Klystron Structure
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Figure 7.12. 3.9 GHz Klystron

7.3.3 High-Power Testing Results. Dressed klystron and modulator racks for high
power testing are shown in Figure 7.13. Assembled power couplers in the test stand

equipped with vacuum and diagnostic devices are shown in Figure 7.14.

Figure 7.13. Klystron and Modulator Racks
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& Power Couplers
Under Test

Figure 7.14. Power Coupler Test Stand Equipped with Diagnostic Devices

The power gain of the klystron was around 45.6 dB from measurements. The
klystron was putting out around 64 kW of peak power at all pulse lengths before it begins

to saturate. Measured power levels at different ports are shown in Figure 7.15 at 1300 us
and 800 us pulse lengths and 1 Hz repetition rate. The maximum peak power measured

at the input port of the test stand is 61 kW. Output power of 55 kW at the test stand was
reached at all pulse lengths. The return loss and insertion loss of the test stand were

around -18 dB and -0.6 dB, respectively, as shown in Figure 7.16.
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Figure 7.15. Power Levels at Different Measuring Ports
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Figure 7.16. Return Loss and Insertion Loss of the Test Stand

In addition, the operation of high-power testing must include adequate protection.
The power couplers in this design have been equipped with different kinds of sensors,

including vacuum gauges, coaxial electron pickups, PMT tubes, and RTD sensors, to
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monitor the testing effects and to act as interlocks. While running the test, no sparks and
only minimal temperature and vacuum activities were observed, as shown in Figure 7.17.
Two vacuum gauges (IG1 and 1G3) were installed in the warm side of the power
couplers. One vacuum gauge (IG2) was installed in the side wall of waveguide transition.
RTD sensors (RTD1 and RTD2) were attached to the assembling flanges of the

cylindrical cold windows.
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Figure 7.17. Temperature and Vacuum Readings during Testing

In conclusion, the power coupler shows an excellent RF performance and high-
power handling capacity based on the results from the high-power testing and processing
of the couplers. All power couplers have met the design requirements of the vacuum, RF,
power-handling, power-coupling, and anti-multipacting performance. They are ready for
the cryogenic test, being assembled with the dressed SC cavities in an elaborate cryostat,

to mimic the real operating conditions in FLASH.
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CHAPTER 8

CRYOGENIC TEST

8.1 Cavity Performance Test

During a cavity performance test, a low-power continuous wave (CW) RF voltage
is applied to a SC cavity and the quality factor is measured. A high quality factor means
that the cavity will better retain the energy pumped into it which is a desirable outcome
from the cavity performance test process. The test thus becomes part of the qualifying
process for determining that the SC cavities meet all of the extraordinary needs of the
FLASH user facility [61], [62], [63]. Cavity performance test also serves to verify
whether the SC cavity preparation procedures are sufficient.

In the test stand, a SC cavity as shown in Figure 8.1 is immersed in liquid helium
and tested inside a vertical dewar to characterize its accelerating properties. Because the
cavity essentially sits in a high bucket, it is more practical to test it in a vertical as
opposed to horizontal orientation, as shown in Figure 8.2. Cooled down to a temperature
of 2 K degree, we will be able to determine how high a gradient the cavity will be able to
reach. This is the key factor for accelerating the particles to obtain their highest possible

energies [26], [31]. The goal for the third harmonic SC cavities is an accelerating field of

14.5 MV/m with a quality factor in the order of 10°. Typically, each cavity will spend a
day inside the test stand, including the cool down and warm up period, but a test may
require more time if the cavity appears to have a problem. Once the cavity completes the
performance test process, it will be dressed inside a helium vessel and will continue with
the next qualifying test, namely the cryogenic test of the combined coupler-cavity

assembly.
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Figure 8.2. Cavity in Vertical Orientation

All cavities undergo a standard protocol of surface processing, including buffered

chemical processing, high temperature hydrogen degasification bake, and high pressure
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rinse prior to the cavity performance tests. Upon completion of fabrication, cavities are
degreased and cleaned in the clean room, followed by mechanical inspection and initial
RF tuning. Each cavity is tested at SC state in a shielded and interlocked enclosure. The
test setup is comprised of a vertical dewar containing a single nine-cell cavity with
instrumentation ports for RF input and output, vacuum and cryogenics connections, and
diagnostics ports [31]. The cavity is mounted on a motorized stand so as to allow for
variable input coupling. A TW tube amplifier is capable of providing up to 150 W
continuous wave. The testing itself is largely a manual process and consists primarily of
quality factor versus temperature (during pump down from 4 K to 1.8 K) and quality
factor versus accelerating gradient measurements. Cavities may be returned for additional
inside etches and high pressure rinses, as dictated by the results of testing on cavity
performance.

The RF system diagram for the cavity performance test is shown in Figure 8.3.
During the test we measured the time constant 7z of the transmitted voltage decay curve.

It is twice of the time constant 7, of the transmitted power decay curve, which is
determined by the loaded quality factor, Q, .

1
T:2TL:2A—
w

@ : :
0, =w,r, =27fyr, = A_O , Aw is the resonance bandwidth.
®

The position of the input coupler was on the axis of the SC cavity. It is adjusted to

minimize power reflection (almost zero), making the cavity intrinsic quality factor, Q,,

equal to the external quality factor, O, . The loaded quality factor O, is approximately
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equal to half of Q,, due to the very weak coupling effect of the field probe at the

transmitted port. Some key equations used to derive the quality factors and the

accelerating gradients are shown below. P, is the cavity dissipated power, which is equal

_ w,U _ w,U

to P,
QO 2QL

, in which U is the cavity stored energy. The accelerating gradient

£,(dB)
can be calculated using the equation, £ =k, P, =k x10 * , here k, is a known

constant obtained from FEM simulation of the structure in advance and P, is the cavity

transmitted power. The RF system is working under the critical coupling condition;
maximum power can be transferred to the cavity from the power source via the input

coupler on axis.
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Figure 8.3. RF System Diagram for Cavity Performance Test
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The measurements were made during the cool down from 4 K to 1.8 K. Typical
accelerating gradients of the nine-cell SC cavity measured at 7 mode are shown in
Figure 8.4 and Figure 8.5. The cavity was running at the gradient of 25 MV/m, limited by
the power source restriction. The lower the cavity temperature, the higher will be the
cavity intrinsic quality factor and power transfer to the cavity, and thus the beam. Neither
X-ray nor quench was observed during the test. HOM coupler temperatures were almost
constant as thermometry showed only slightly elevated temperatures, as shown in Figure

8.6.

Third Harmonic SC Cavity
Q0 v.5. Eacc (MV/m)

LOE+10
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Figure 8.4. Cavity Quality Factor versus Accelerating Gradient
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Figure 8.6. HOM Coupler Temperature Readings during Testing

8.2 Combined RF Assembly

In order to qualify for the cryogenic test, the SC cavity is first tested in a vertical
test stand. After a cavity passes the performance test, it is welded inside a helium vessel
and dressed with a power coupler and other components, as shown in Figure 8.7. This
time, however, the cavity is tested in a Horizontal Test Stand (HTS) with high pulsed
power inside a cooled cryostat at superconducting state for the cavity, in order to produce

the actual conditions inside FLASH prior to incorporation of the beam.
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Figure 8.7. HTS for Cryogenic Test

Detailed views of the cryostat including the installation of power coupler warm
and cold assemblies are shown in Figure 8.8 to Figure 8.11. In the HTS, approximately

80 kW of RF power will be switched on for about 1300 us at a time and repeated five

times per second, the same way that the FLASH will operate. As opposed to the cavity
performance tests, which use lower power continuous wave RF, the horizontal test
applies a much larger pulsed RF power to the cavity. This is the first time that the cavity
will experience the pulsed RF power that will be similar to the conditions inside the

FLASH.



Figure 8.9. Cryostat Interfaces with the Power Coupler Warm Assembly
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Figure 8.11. Power Coupler 80 K (Round Copper) and 4.5 K (Planar Copper) Thermal
Shields

92
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8.3  Conditioning and Cryogenic Test

8.3.1 Power Coupler Conditioning. At room temperature the cavity’s resonance
frequency was about 8§ MHz less than the nominal 3.9 GHz operating frequency. This
allows for off-resonance conditioning of the power coupler using high level pulsed power
which is applied to HTS to blast away any lingering impurities and also test the whole
system’s qualifications and interlock functions. The conditioning sequence was

performed at 1 Hz repetition rate and began with a pulse length of 20 us . The RF power

was gradually increased from zero until the maximum klystron output (60-70 kW) was
reached. This power level would be sustained for one hour and then the pulse length was
doubled and the power rose again from low levels. The process would be repeated until

the full pulse length of 1300 s was reached. If at any point in the sequence the pressure

in the cavity or power coupler exceeds 2.7x10~° N/m?, or if electron emission in the
power coupler exceeds 1 mA, the RF power will be reduced for a short period of time and
then increased again. The coupler conditioning procedure is illustrated in Figure 8.12 and
Figure 8.13. Minimal vacuum activity was observed during the conditioning sequence but

tended to decrease with time.
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8.3.2 Cryogenic Testing Results. For the third harmonic SC cavities, the target is to

reach an accelerating gradient of 14.5 MV/m and a quality factor of 10’ (cavity intrinsic
quality factor). A lower quality factor will indicate that the cavity is losing power and
thus not sufficiently efficient. The tuner motor and other components also get tested
while inside the HTS, giving the cavity a thorough examination before it can graduate
and become part of a cryogenic module. The maximum accelerating gradient obtained
was around 24 MV/m, limited by the cavity quench, which is well above the value of
14.5 MV/m, which is specified for nominal operating condition at FLASH. Resonant
frequency and the loaded quality factor on the RF system were measured using a network
analyzer both before and after the system cool-down, as shown in Figure 8.14 and Figure
8.15. We can also obtain the loaded quality factor with the measurements of the power
decay time constant from the cavity transmitted power curves in the field probe port at

cryogenic temperature and high-power conditions, as shown in Figure 8.16.
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Figure 8.14. Frequency Measurements on Cavity prior to Cool-Down, The plots show the
full spectrum and zoom of the 7 Mode.
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Figure 8.16. Loaded Quality Factor Calculated from Power Decay Curves at 2 K

The plot in Figure 8.14 shows the resonant transmission coefficient (S,;) between
the power coupler and field probe ports measured at room temperature at low power
level. In this scenario, the RF system operates in the under-coupled regime with a loaded

quality factor of 5648. The surface resistance of the RF system is greatly reduced at

cryogenic temperature, leading to a loaded quality factor of 8.9x10°, as shown in Figure
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8.15 and Figure 8.16. As such, the RF system operates in the over-coupling regime. A
larger or smaller coupling coefficient, still under over-coupling regime, can be achieved
if different probe penetration lengths are set. When the RF system is operated at FLASH
with electron beam loading, power will be transferred to the beam, resulting in an
additional loss. The RF system will be near the critical-coupling regime, leading to
maximum power transfer via the power coupler for power input.

The cavity was then powered to a quench at a gradient of 24 MV/m using a pulsed
wave of 1300 us pulse length and 1 Hz repetition rate. When running at a repetition rate
of 5 Hz, excessive heating of the HOM coupler was noted for gradients above 20 MV/m.
Improved design of the heat sinks [25], [32] of HOM coupler to the cryogenic system has
provided sufficient cooling to run the SC cavity at high gradient and 5 Hz repetition rate.

The cavity intrinsic quality factor, 0,, was determined by measuring the dynamic

heat load to the cryogenic system. Q, was around 2x10°, which was in the same order

as the results from cavity performance test (vertical test). The following equations are

used to calculate Q.

E, L) E, L)
=M or =deu actor .
0 R 0 R ly
=.p =p
Q Q cryogenicloss
o . P g R > (E.-LY
Cavity dissipated power is P, = —Z2% % apnd = =750 = Ve _ (Euee- L) .
duty factor 0 U w,U

Accelerating gradient is calculated by using the equation,

E. . .(V/m)y=2 /%QLPf(a))(l—e;gf)/Lz2 /gQLPf(a))/L , where & is the

pulse length.
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At first, during the filling stage of the SC cavity, most power was reflected. After
that, the reflected power passed through zero and reached its nonzero steady-state value,
which is almost equal to the input power level since the dissipated power on the cavity
surface can be neglected at the SC state. When the power was abruptly turned off at the

end of the 1300 us pulse length, the reflected power was just equal to the emitted power

and exponentially decayed to zero. This power filling procedure is depicted in Figure
8.17. The maximum accelerating gradient in the cavity obtained was around 24 MV/m at
a temperature of 2K with 30 kW power input from the coupler, limited by the cavity
quench, which is well above the value of 14.5 MV/m accelerating gradient (9.3 kW
coupler power) specified for nominal operating condition at the free-electron laser.
Temperature readings of the 80 K and 4.5 K thermal shields are shown in Figure 8.18 and

Figure 8.19, respectively.
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Figure 8.17. Forward and Reflected Power from the Power Coupler and the Cavity
Accelerating Gradient
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Integration tests for the power coupler, SC cavity, HOM coupler, frequency tuner

motor, field probe, and many diagnostic devices on a HTS were conducted at room and
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cryogenic temperatures. Testing results confirmed the validity of the design, with
performance data exceeding the specifications required for the intended accelerator
application for FLASH, a free-electron laser for providing radiation in the vacuum

ultraviolet and soft X-ray regions.
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CHAPTER 9

CONCLUSION

To effectively couple microwave power into a superconducting cavity for particle
acceleration application, the coupler needs to not only provide low insertion loss but also
sustain high vacuum and operate between cryogenic and room temperatures. Beginning
with a two-window construction with the probe orthogonal to the cavity tube, a coaxial
coupler rated at 9.3 kW and 3.9 GHz for a nine-cell superconducting cavity has been
successfully designed and tested. The entire coaxial coupler structure was simulated by
FEM code and optimized to assure good impedance matching while keeping the total
field within the coaxial structure to below the critical values for material breakdown and
overheating. Before its integration with the cavity, the coupler was first processed and
tested to perform at the rated power in a back-to-back configuration by gradually
increasing the transmitted power and pulse length. Integration tests with the cavity were
then conducted at room and cryogenic temperatures. Test results confirmed the validity
of the design, with performance data exceeding the specifications required for the
intended accelerator application for FLASH, a free-electron laser for providing radiation
in the vacuum ultraviolet and soft X-ray regions.

In the vertical test stand the power couplers can withstand over 60 kW pulsed
power with 1.3 ms full pulse length in traveling wave mode, which was well above the
9.3 kW coupler design specification. The combined RF system including the coaxial
coupler, cavity, and pick-up coupler has been tested in a horizontal test stand with high
pulsed power inside a cooled cryostat at superconducting state for the cavity, in order to

produce the actual conditions inside FLASH prior to incorporation of the beam. The
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maximum accelerating gradient obtained was around 24 MV/m, limited by the cavity
quench, which is well above the value of 14.5 MV/m specified for nominal operating
condition at FLASH. The power couplers designed in this way can meet the FLASH user
facility’s strict requirements and are suitable for numerous superconducting accelerator
applications.

Power couplers for superconducting cavities are complex auxiliary systems that
have significant influence on the operation of particle accelerators. To better and
accurately predict the power coupler performance, especially integrated with SC cavity
when operated with high energy beam bunches, it is necessary for us to include the beam
effects in the simulation models and calculation procedures for the future design of the
power couplers.

Much progress has been made recently in achieving high power transfer to
cavities and particle beams. In the future, power couplers with higher and higher power
handling capabilities will be necessary for more powerful particle machines. It will also
need to reduce costs and simplify the component structure of the power couplers while
still maintaining the high operating performance to make large-scale adoption of
superconducting cavity technology possible. Being one of the key factors for the
realization of the next generation high-energy linear colliders and particle accelerators,

further efforts in coupler design and development should prove highly beneficial.
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