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CHAPTER/|

INTRODUCTION

The current worldwide efforts in research and development of particle acceerators
concentrate on seeking an affordable high-gradient acceerator technology for the future
supercolliders [1]*. It has been recognized for some time that dilectric loaded accelerating
dructures are attractive candidates for the next generation of very-high-energy accelerators,
because they possess severd didtinct advantages over conventiond metalic iris-loaded
acceerating dructures.  This thesis reports the research results of two classes of didectric-
loaded accelerating structures. One is based on a dielectric-lined circular waveguide, and
the other is a nove hybrid didectric-irs-loaded structure.  For better explanation of
background of such research programs, it is important to briefly vist some basics of

acceerator technology and the history of particle accelerators.

1.1 Accelerator Basics

A particle accelerator delivers energy to a charged-particle beam by the gpplication of
an dectric fidd. The early particle accderators were eectrogtatic acceerators in which the
beam gains energy from a congant eectric fidd. Each particle acquires an energy equd to
the product of its dectric charge times the potentid drop across the accelerating channd. A
mgor limitation of dectrodtatic acceerators is that the maximum energy obtainable cannot
exceed the product of the charge times the potential difference that can be maintained, and
in practice this potentia difference is limited by eectric breakdown to no more than a few
tens of megavolts. The accderators usng radio-frequency (RF) eectromagnetic wave

bypass this limitation by agpplying a harmonic time-varying dectric field to the beam,

* Corresponding to referencesin the Bibliography



which is locdized into bunches such that the bunches dways arrive when the fidd has the
correct polarity for acceleration. The time variation of the fiedld removes the redriction that
the fixed potentid drop limits the energy gain. For accderation, the beam particles must be
properly phased with respect to the fidds, and for sustained energy gain they must maintain
gynchronism with those fidds [2]. All modern particle accderators use RF waves for

accderation.

1.2 Supercalliders

Without doubt, particle accelerators are among the important applications of high-
power microwaves. A particle accelerator provides particle beams of high qudlity and high
energy for a collider. The callison of two beams of sufficient high energy in a collider can
resolve the internd structure of the nucleus and of its congtituent subnuclear particles. For
that reason, colliders have become the useful tools for learning about the world of
subatomic paticles  Measurements made using the beams from an dectron linear
accderator have given us our present picture of the proton, which is made of pointlike

particles caled quarks.

The ongoing searching for the dementary particles that are the underlying basis of dl
matter has led to the design of supercolliders such as the protonproton Superconducting
Super Collider (SSC), whose congtruction was canceled in the United States [3]. However,
the criticiams of the SSC did not question the universadly acknowledged importance of the
planned basic research in dementary particle physcs. The SSC project was shut down
because of its high congtruction cost that $11 billion or more was beyond what the country

could afford to spend on a basc physics experiment. Therefore, the pursuit of advanced



knowledge in dementary particle physics will require those advances in particle accelerator

technology that can sgnificantly lower the cost of supercollider class experimernts.

Phydcigs delve into the interna dructure of the smdler particles that make up each
proton and neutron: quarks and the gluons that bind them together. The ongoing
exploration studies the matter in an unprecedentedly smdl distance scae, down to 10°*°
meter. Thus, supercolliders are indispensable high-energy probes for such study. When
two of the quarks collide head-on with energy as high as 2 trillion dectron volts (TeV) or
more, physcigs believe that such collison will reved many secrets in the deeper heart of
matter¥a perhagps an exotic particle known as the Higgs boson, perhaps evidence of a
miraculous effect caled supersymmetry, or perhaps something unexpected that will lead to

alarge amendment of theoretical particle physics[4].

Advances in the technology of microwave amplifiers would dlow for the condruction
of affordable dectron-postion colliders beginning a collison energy of 05 TevV and
eventudly extending to 5 TeV. It is generdly agreed that a center-of-mass collison energy
of 05 TeV is required to produce the physics output desred from a next-generation
calliding beam machine [1]. A number of active programs are in progress around the
world to carry out the research and development necessary for the redization of 0.5-TeV
(center-of-mass energy) eectron-podtron linear collider. The research and development of
new particle accderators is certainly the mgor pat of these supercollider research
programs. The detalls of these research programs, especially the chosen accelerator

technology, will be vidted later in this chapter. There are S0 many topics that should be



included in the subject of colliders. However, our interest here will be limited to

accelerators that produce colliding beams of eectrons and positrons.

1.3 Why Linear Accelerators?

Congdering the orbits of particle beams there ae two categories of particle
accderators, linear accelerators and circular accderators. Circular accderators are used for

colliding beam storage rings, while linear accelerators are used for linear colliders.

The largest circular accelerator in operation is used in the LEP (Large Electron
Positron) machine located at CERN (European Center for Nuclear Research) in Geneva,
Switzerland. It has a circumference of 27 km and is curently being operated a energy of
about 50 GeV per beam. However, it is in the process of being upgraded to energy of
about 100 GeV per beam (LEP-1I) [5]. In such a circular accelerator, the circulating
electrons or pogtrons continudly lose energy by synchrotron radiation. The energy loss
per paticle due to synchrotron radiation varies directly as the fourth power of the beam
energy, and inversgly as the machine radius.  This energy loss must be made up for by the
action of RF accderding cavities. In the case of LEP collider, the energy loss per turn is
1,860 MeV per dectron a 90 GeV, and the radiated beam power is about 6 MW per beam
for a circulating current of 3 mA. Superconducting RF cavities & a frequency of 350 MHz
are being inddled to provide the necessary accelerating voltage with acceptable RF system
losses (cavity wadl losses plus refrigeration power). Even 0, the tota wal-plug power

needed to supply the RF system (including refrigerator) will be about 40 MW.



If collisons a erergy greater than 90 GeV per beam are desired, one might consider
scding a LEP-type circular collider to a higher energy. A smple caculation will show that
the total cost of such a scaed circular collider is minimized if the costs associated with the
machine circumference and the costs associated with the RF power that must be provided
are kept approximately equal. The circumference, the RF power, and the total cost of the
machine will then scale as the square of the energy. To achieve center-of-mass collison
energy of 500 GeV, an optimaly scaed circular collider would have a circumference
greater than 200 km, an input ac power (wal-plug power) for the RF system on the order of
severd hundred megawatts, and a total cost of a least ten hillion dollars. Each of these
quantities¥a circumference, cost, and ac power for the RF system¥awould be about eight

times that for the present LEP collider.

On the contrary, in a linear collider, the length, the cost, and RF power requirement dl
scde roughly linearly with energy, because the draight-line trgectory of linear accelerator
avoids power losses caused by synchrotron radiation [2]. In addition, the capability of
providing strong focusng of linear accderators produces high-quaity and high-intensity
beams. Therefore, linear accelerators are the preferred choices for the next-generation

supercolliders.

With the advent of radar magnetrons giving high pesk powers for pulsed short
waveength, the traveling-wave linear accelerator first worked in 1946 [6]. The world's
fird linear collider has dready been built and is in operation a the Stanford Linesr
Accderator Center (SLAC) at Stanford, Cadlifornia[7]. In the SLAC linear collider (SLC),

both the electron and positron beams are accelerated in the D-GeV SLAC Shand linear



accderator (LINAC). Although the energy of the SLC is currently about the same as that
of the LEP circular collider, the SLC is cgpable of producing unique physics because it is
able to accelerate and collide polarized eectrons, wheress it is very difficult to mantain
polarized beams in a large sorage ring-based collider. Of equal importance, the SLC is
providing experience in producing, accderatiing and colliding bunches of eectrons and

positrons with transverse dimensions on the order of 1 micron at the collision point.

In the circular storage ring, RF accelerating cavities can be a very short part of the
tota circumference, because particle beams pass through the acceerating section many
times to be accderated until the equilibrium between the energy gain and the energy losses
from synchrotron radiation and wal losses is reeched. Therefore, the accderating gradient
of those RF accderating cavites is not the most important parameter compared to the wall
losses of them. On the contrary, particle beams pass through the acceeraing cavities only
once in the linear accderators. To achieve as high as possible accderation gradient, which
is the maximum axid longitudind dectric fidd in the accderation dructures, is the most
important congderation besdes minimizing RF losses of the cavities when we design

linear accelerators.

1.4 Worldwide Research and Development Programson Linear Colliders

Table 1.1 lists the mgjor programs active at the present time that are drected toward
the devedopment of future linear colliders. Our interest here is the research and

development of linear accelerators in these collider programs.



Table 1.1 Mgor R&D Programs for the Supercollider

Program and RF frequency and  Design Gradient
Location RF Power Source  Loaded/Unloaded Tes Facility
TESLA 1.3-GHz 25MV/m TESLA test
DESY klystrons (superconducting fadlity (TTF)
Laboratory (long pulse) accderding
Hamburg, cavities)
Germany
NLC 11.4-GHz 55/75 MV/m Find focus test
SLAC, Stanford,  klystrons beam (FFTB)
Cdifornia, USA NLC test
accelerator
(NLCTA)
JC 11.4-GHz 28/60 MV/m Accderator test
KEK Laboratory klystrons facility (ATF)
Tsukuba, Japan
CLIC 30-GHz 80 MV/m CLIC test facility
CERN drive beam (CTF)
Laboratory
Geneva,

Switzerland




The firgt entry in Table 1.1 is the TESLA (TeV Superconducting Linear Accderator)
program, and is based on the use of superconducting accelerating cavities at 1.3 GHz [8§].
A superconducting cavity is in essence an RF pulse compressor, soring energy over a
relatively long time period (on the order of a millisscond) from an RF pulse with a
relatively low pesk power. The mgor technica chdlenge for a superconducting linear
collider is to achieve the desgned accderating gradient with an adequate cavity Q at an
acceptable cost per meter of dructure.  The TESLA design cdls for an acceeration
gradient of 25 MV/m a Qo 35 10°. Gradients of this order have been achieved in single
test cavities a 1.3 GHz, and the substantia progress has been made to obtain such gradient
in a nine-cdl cavity. A vigorous worldwide research and development program on
superconducting cavities is leading to improved cavity congtruction, surface treatment, and

processing techniques, with the expectation for till higher accderating gradients.

The second and third entries in Table 1.1 are the NLC (Next Linear Collider) and the
JLC (Japan Linear Collider) research and development programs. They are directed
toward an X-band collider with an initid unloaded accderating gradient of 75 MV/m [9,
10]. Both NLC and JLC programs are based on scaling the current Sband iris-loaded
linear accderator technology to X-band. The current challenge of these two programs is
that both types of structures cannot achieve an acceeraion gradient greater than 50 MV/m
without arcing damage at irises. The causes of such arcing damage have not been fully
darified, but one mogt likey reason is that the strong surface dectric fidd a the iris

exceeds the RF breakdown limit when the acceleration gradient is up to the 50 MV/m [11].



The CLIC (CERN Linear Collider) [12] project is devoted to research and
devedlopment on a different type of linear collider based on the two-beam accelerator
concept. In the CLIC design, 350-MHz superconducting cavities (Smilar to the LEP-II
cavities) are used to accelerate a high-current, 5GeV LINAC beam congigting of trains of
bunches in which the spacing between the bunches in each train is the RF wavelength a 30
GHz. These bunch trains pass through a low-impedance trandfer structure, where they
induce about 40 MW of pesk RF power for a pulse duration of 12 ns. This power is then
trandferred through a waveguide to the main linac. The energy extracted from the driving
beam by the transfer sructures is made up periodicaly by additiona superconducting
cavities Such a two-beam acceerator avoids the need for high-frequency, high-peak-
power RF sources. It is conceptualy much like a transformer: a high-current, low-energy
beam runs pardld to a low-current, high-energy beam and periodicdly transfer energy to
it. The ratio of the accderating gradient in the main linac to that of the drive linac
corresponds to the turns ratio of the transformers. The technology of the CLIC two-beam
accelerator is very demanding, and it is generally agreed that it is directed more toward a
very-high-energy, high-gradient linear collider, rather than toward a next-generation 500-
GeV center-of-mass machine. At present, the avalability of high-frequency and high-
peak-power RF sources is dill an important factor determining the future success of these

research and development programs on linear colliders.

From the wide range in the proposed operating frequencies (1.3 to 30 GHz) and
gradients (20 to 100 MV/m) of the major linear collider research and development

programs, it is clear that a sharply focused consensus does not at present exist on how to



10

desgn and build a 500-GeV linear collider. The choice of RF frequency for a linear
collider underlies some badc differences in desgn philosophy. The low-frequency
colliders (TESLA) have a larger beam sze, a higher beam power, and looser tolerances on
dignment and orbit control. The TESLA design a 1.3 GHz has the largest tolerances and
adso a very large bunch separation (allowing more time between collisons for the detectors
to resolve particle tracks and to sort out the desired physics from background noise).
However, it is based on superconducting RF cavity technology, which is not as wel proven
as the technology of conventionad copper dructures. The higher frequency collider design
(10 to 30 GHz) have smaler beams, lower beam power, tighter tolerances, and higher
accderding gradients. The higher frequency machines can more readily be expanded to 1
TeV without becoming unfessbly long. Perhgps the most important role of higher
frequency and higher gradient is the reduction in the length of the machine. For example,
the active length of a 5TeV linear accderator at X-band, a an acceerating gradient of 75
MV/m, would be aout 70 km. Condructing a linear accderator of this length is not
entirdly out of question, and it would certainly be better and more affordable to be able to
get 5 TeV in a shorter length if a dl possble. The future supercollider @rtainly needs a
linear accelerator a a much higher frequency and a higher accderdion gradient. Higher
operating frequency does not only mean shorter wavelength¥s more compact accelerating
dructure, but higher RF breskdown limit. The RF breskdown limit determines the
maximum accelerating gradient that can be obtained and used in the given Sructure.  For
many years, the accderator community has relied on the Kilpatrick criteria to predict RF
breakdown limits of conventional copper Structures as a function of frequency [13, 14].

For a higher operating frequency, a higher breskdown limit can be expected. This is one of
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the reasons for us to dedicate our effort to develop X-band or higher frequency band
accderating dructures.  Some experimental results showed the RF breskdown limit of
conventiona copper disk-loaded accderating dructure, which is based on the Kilpatrick
criterion, can be greatly exceeded [15, 16]. However, these are only empirica formula,

while further research is needed to clarify underlying mechaniams

1.5 Advanced Accelerator Concepts

The linear acclerators for these mgjor R&D programs on colliders, which are listed in
Table 1.1, are based on the conventional copper accelerating structures.  However, the
achievable maximum gradient is limited by the breskdown limit of such copper dructures
and the avallability of high power RF sources. In addition, the fabrication of X-band and
higher frequency band conventiond iris-loaded structure is a mgor engineering chalenge.
If the limitation of the conventional accelerator technology can be exceeded, a tremendous
reduction of cost can be expected for the supercollider. Besides the programs described
above, a lot of more advanced accelerator concepts, other than the regime of conventiond
metal disk-loaded accderating dructures, are currently being investigated.  Research
programs on advanced accelerator concepts try to seek the solution of very high-energy and
affordable linear accelerators in very diverse regimes. Magjor research aeas of advanced
accelerator concepts are laser and plasma acceeration [17], inverse free eectron laser
acceleration [18], didectric wake-fidd accderation [19-23], and externdly powered
dielectric loaded accelerators [24, 25]. Some experiments on these advanced accelerator
concepts have shown that much higher acceeration gradients have been achieved in very

short distance, but the research work on these concepts is dill in the very early stage [26].
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This thesis is based on the theoreticadl and experimentd studies on externaly powered
didectric loaded accderating dructures.  As mentioned before, future very high-energy
linear accelerators are expected to operate a X-band or higher frequency bands. This

investigation, on didlectric loaded acceleration structures, will focus on X-band structures.

1.6 Didlectric Loaded Acceleration Structures

The proposed use of RF driven didectric based structures for particle acceleration can
be traced to the early 1950's [27]. To accelerate charged particles, the speed of
propagetion of eectromagnetic waves must synchronize with the velocity of particles,
which is dways less than the speed of light. However, phase veocities of dectromagnetic
waves in empty waveguides have the speed of light as the lower bound. Therefore,
eectromagnetic waves must be dowed down from ther norma speeds in empty
waveguides to faclitate acceeration. This dowing may be accomplished by loading
waveguides with metd disks as being done in dl metdlic waveguide linear accelerators.
Patidly loading waveguides with didectric materids is another method to redize dow-
wave dructures. One widdy studied didectric loaded waveguide for acceerators is a
didectric-lined circular waveguide, shown in Figure 1.1. The center opening of such a
waveguide is the channd for particles passing through. Some previous dudies have
examined the use of didectric loaded circular waveguides as accderating structures [24,
28]. The advantages of using accelerating structures based on didectric-lined circular

waveguides are summarized as follows.

¥ Smplicity of fabricaion — the device is little more than a tube of didectric
surrounded by a conducting cylinder. This may be a grest advantage for high
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Figure 1.1 Didectric-lined Circular Waveguide. Region | isvacuum, and region Il isthe
dielectric ceramic.
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frequency (10 GHZz) sructures over the conventiond structures where extremely

tight fabrication tolerances are required.

Comparable shunt impedance with the conventiond metd disk-loaded Structure —
for the given power flow, the maximum accderating fied that can be esablished in
the dielectric loaded structure is close to that of the conventiona meta disk-loaded

accderation structure.

No dark current — because there in no free dectrons in the didlectric ceramic, field
emisson that is the mgor cause of dark current will not hgppen under high dectric
fidd intengty.

Smple reduction of coupled bunch effects — it has been demondrated
experimentdly that it is rdaively draightforward to build deflection damping into
didectric dructure 0 that very large attenuation (»250 dB/m) of dl but TMo,

modes can be obtained [29, 30].

Accderaion fidd is the maximum fidd in the sructure — unlike the conventiond
disk loaded acceleration sructure, whose pesk eectric field a the edge of iris is
about twice the maximum axid eectric fidd (accderation gradient), the axid
accderdion fidd of the didectric lined waveguide is the maximum fidd in the

gtructure.

On the other hand, there are some potentia problems of applying didectric loaded

structures to particle acceleration, such as.

Y4

Y

Didectric breakdown

Joule hegting
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¥, Absorption gasesin the dielectric materids
% Dimengond tolerances.

At the present, little information on these problems is avallable. Whether they are fatd
or not should be answered through experiments conducted a high RF power leve. This
was one mgor reason to design and condruct an X-band traveling-wave acceerating

Sructure using didectric-lined circular waveguide in the current research program.

The losses of didectric maerids available in the past were high, and they were easy to
breskdown under high dectric fiddld. These problems made didectric loaded structures
unattractive for particle accelerators. The recent development of high dielectric constant
~ 20 - 40), low loss didectric materials (Q~ 10,000 - 40,000) brings serious consderation

of dielectric structures as acceleration devices [31].

1.7 Overview of Research Programson Dielectric Based Accelerators

Since the late 1980's, didectric loaded accelerating structures have been investigated
extensvey and intensely. The mgor research Stes conducting these research programs are
the Argonne Wakefield Accelerator (AWA) facility a Argonne Nationd Laboratory, and
the Yde Beam Physcs Laboraory of Yade Universty. Important  experiments
demondtrating the principles of didectric based acceerators in the recent years are listed in
Table 1.2. Most research efforts concentrated on dielectric wakefield acceleration. When a
rdaivigic beam travels through a dow wave dructure, it loses energy by producing
electromagnetic waves as Cerenkov radiation [32]. The eectromagnetic waves produced
as Cerenkov radiation propagate a the same velocity as the beam, and follow it. Thus,

such eectromagnetic waves are known as wakefidds. The idea behind these research
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Table 1.2 Important Experiments on Didectric Based Accelerating Structures

Location

Experiment

AATF
Argonne National Laboratory
AWA

Argonne National Laboratory

Yde Beam Physcs
Laboratory

Yde Univerdty

Demongtration of wakefidd effectsin didectric
structures [33].

. AWA initid didectric wakefield experiment

[21].

. Thetransverse mode suppressor for dielectric

wakefidd accelerator [29, 30].

. Rf power generation and coupling

measurements for the didectric wakefidd step-
up transformer [34].

. High gradient dielectric wakefidd device

measurements [20].

. Measurements of wakefidds in a multimode,

dielectric wakefidd accelerator driven by a
train of electron bunches[35].

. Condruction and testing of an 11.4 GHz

dilectric loaded traveling-wave accderating
structure [25].

. Two beam acceleration in the dielectric step-up

transformer [36].

. Microwave Inverse Cerenkov Accelerator [19].
2. Stimulated didectric wakefield acce erator

[22].
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programs is to utilize wakefidlds to accelerate particle beams, because high power RF
sources are expendve to be built or unavalable at X-band and higher frequency bands.
Severd key experiments have demondrated the principles of didectric wakefidd
accderdion a the AATF facility and the AWA facility of Argonne Nationa Laboratory,
and a the Yde Beam Physcs Laboratory of Yae Universty. The experiments have
obtained the expected wakefield power at 2.86 GHz, 7.8 GHz, 10 GHz, and 15.6 GHz,
respectively. The dielectric wakefield accderation scheme used in these experiments is the
collinear didlectric wakefidld acceleration. The concept of such scheme is shown in Figure
12. In collinear dielectric wakefiedld acceeration, a low-intendty witness beam tralling
behind a sequence of high-intendty but low-energy drive beams can be accelerated by the
RF waves produced as Cerenkov radiation, if the witness beam is synchronized a the right
phase. Adjudting the spacing of drive beam bunches leads to the high accderating gradient

that is resulted from the superposition of the wakefields caused by drive beam bunches.

It is well known that one mgor condraint of collinear wakefidd acceleration is that
the transformer ratio cannot exceed 2 [23]. In other words, the energy gain of a witness
beam bunch cannot be larger than twice of the energy loss of one drive beam bunch, even
though the acceeration field is the superpodtion of the wakefields of more than two drive
beam bunches. Equivdently, the maximum acceleration gradient is aways less than twice

of the maximum axid wakefiedd amplitude of one drive beam bunch.

The AWA dgep-up transformer was proposed to overcome this congraint. The
proposed design of such transformer is Smilar to the design of CLIC described in the

previous section. Such schemeisto extract RF power from ardatively large diameter
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Acceler ated Beam

Dielectric Ceramic

Fgure 1.2 Schematic Drawing of Collinear Dielectric Wakefield Acceleration
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didectric-lined waveguide (dage 1) in which high intendty drive beam bunches pass
through and lose energy by Cerenkov radiation. The RF pulses are then coupled out and
fed into a smdl-diameter dieectric-lined waveguide (stage 1) where less-intendty witness
beam bunches can be accderated by the greatly enhanced axia eectric fidd. Fed
enhancement results both from a lower group veocity in stage Il than in dage |
(longitudina compression), and from geometricd effects made possible by the use of the
gndler didectric-lined waveguide (transverse compresson). In smple words, the
accderding gradient established in the stage |l is proportiond to the number of RF pulses
produced as Cerenkov radiation in stage |. Even though the amplitude of the axid
wakefidd of one drive beam may be smal, such superpostion will theoreticdly result in a
sgnificantly high accderating gradient in sage 1l. The schemdic drawing of the step-up

transformer isgiven in Figure 1.3.

However, the fundamental questions about dielectric based accderation structures,
which were mentioned above, were not answered in the previous experiments. Because of
the condraint of the transformer ratio and the limited intendty of drive beam bunches, the
accderation gradient established in the collinear didectric accderating structure did not
reach the level that is necessary to explore the basic issues such as digectric breakdown
limit, Joule hesting, and vacuum properties under high RF power. Furthermore, important
techniques like the wave coupling scheme were not sudied in collinear wakefied
accderding dructures.  Apparently, efficient coupling is essentid for the sep-up

transformer to extract the wakefield produced in stage | and transfer it into stage 1.
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Schematic Diagram of Argonne Wakefield Step-Up Transformer

ligh Amplitude Wave (Compressed)

]

@ N\ NN\ @ >

= '\ 1

\
\ Low Amplitude Wave (uncompressed)

] Low Diel. Const. Material
11igh Diel. Const. Material

@ Intense Drive Beam
or Accelerated Beam

Figure 1.3 Schematic Drawing of AWA Wakefidd Step-up Transformer Acceleration
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The externaly powered didectric loaded accelerating structure was proposed to study
the fundamental questions and techniques for didectric loaded accelerators [24]. Some
important progress has been achieved in the theoreticd <Sudies and engineering
devdopment [25]. The knowledge gained has been successfully egpplied to the
development of step-up transformer. The experiments on the AWA getp-up transformer
were conducted in May 2000 [36], and the proposed experiments will test the 100 MV/m

acceleration gradient after upgrading the facility [37].

1.8 Hybrid Didectric-iris-loaded Periodic Acceleration Structures

One concern of conventiond iris-loaded accderating dructures is the high ratio of
peek surface eectric field to pesk axid dectric fidd EJEL® 2) [38-40]. Such high ratio of
dectric fidds may become a limitation for redizing technologies for very high gradient
accelerators. We present a scheme that uses a hybrid didectric and iris loaded periodic
sructure to reduce the ratio of peak surface dectric field to acceeration gradient (EJ/Ea~1),
while the shunt impedance per unit length r (defined in pp. 37) and the qudity factor Q do
not diminish very much. The andyss based on MAFA [41] smulations of such Structures
shows that we can lower the pesk surface dectric fidd close to the accderating gradient
with maintaining high acceerdion efficiency that is measured by r/Q. Detall andyss and
numerical examples of X-band hybrid accelerating structures are described. The peak
surface eectric fidd in conventiona disk-loaded accelerating structure occurs a the irises
and is a least twice the axid pesk dectric fiedd. The high ratio of pesk surface dectric
fiedd to pesk axid dectric fidd is the condraint for NLC dructure to achieve very high

accelerating gradient close to the surface breskdown limit. One advantage of didectric-
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lined circular waveguides is that the pesk surface dectric fidd is very amdl. Fgure 2.14
shows this property of a dielectric-lined circular waveguide. However, an acceeration

structure based on such kind of waveguide has relaively lower Q.

We proposed a new kind of structure loading with both dielectric ceramic and irises to
utilize the advantages of such two classes of dructures. This novel accderaing sructure
may be able to reach the balance between the advantages of pure dieectric-loaded
dructures and conventional iris-loaded structures. Numerical studies on this class of
gructures have been carried out, and will be presented later. The andlyss on didectric-iris-
loaded dructures shows that it is a possble candidate to implement high gradient

accderator with asmdler ratio of EJE,, rdaively high Q, and shunt impedance.

1.9 Travding-wave and Standing-wave Acceleration Structures

Accderation sructures can be designed for standing-wave operation or traveling-wave
operation. A conventiond iris-loaded standing-wave structure has to operate at p-modein
order to get the highest shunt impedance, a figure of merit for accelerators. Operation at
the p-mode, without excitation of neighboring modes, requires the mode bandwidth be
gndler than the frequency separation to the next mode. However, for iris-loaded
gructures, the mode separation in frequency domain decreases with increasing the number
of cdls. Thus ganding-wave structures are not suitable for long accelerators. The p-mode
operation aso means increesed sendtivity to frequency deviations and dimensiond
tolerances and a cdl-to-cdl phase deviation to compensate for the losses [42).
Consequently, the parts of a standing-wave accderating structure are more expensive to

fabricate because of sengtivity to tolerances. For achieving the same acceeration gradient,
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an iris-loaded standing-wave accelerator empiricaly costs 20 percent more than an iris-
loaded traveling-wave accelerator in condruction. This may be dso true for the hybrid
didectric-inis-loaded acceleration structure we  proposed. Nevertheless, the mode
separation between TMo1, modes is not a concern for standing-wave structures based on
pure didectric-lined waveguides, because they are just one-cel resonators, unlike multi-
cel resonators in iris-loaded structures. However, the HEM -like resonance modes could be
eadly excited. Thus such hybrid modes may be the new chdlenge. These problems are

beyond this thesi's and should be investigated in further research.

Another reason for choosing traveing-wave operdion is the availability of high power
and high frequency circulators. A high power circulator must be used to isolae the RF
source from power reflected from the standing-wave cavity. However, such high power
circulators are not available due to potentid arcing damages from the enhanced fields at X
band and higher frequency bands. The RF sources developed for NLC dructures are
capable of ddivering pulses with 100 MW peak power a 11.4 GHz [43]. So far, there is
no X-band circulator able to cope with such high RF power. Because the didectric loaded
accderating sructure we developed is dedicated for the high power experiments using the
SLAC X-band klygtrons, a traveling-wave gructure is the only choice to minimize the

reflected RF power at the input port.

Standing-wave dructures aso cause higher average heat disspation than traveing-
wave gructures, where the filling time is shorter and the Ieftover RF power is taken at

after the beam passage.  This difference may be important, as the tiny size of the sructures
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at X-band and higher frequency bands imposes a limit on the cooling arrangement.  This is

one more reason for choosng traveling-wave acceleration structures.

As mentioned above, to build an X-band acceerating structure based on dielectric-
lined circular waveguides for high power teding, the traveling-wave Sructure is the only
choice we have. Meanwhile, high efficient coupling must be achieved between the
didectric loaded acceerating structure and the input and output waveguides to prevent
deterioration of the performance of the device and to avoid arcing damage of the RF
sources, namely the SLAC X-band klysirons.  The method to overcome this engineering

chalenge will be discussed in Chapter 2.

1.10 Organization of the Thesis

The anayss of accderating dructures based on didectric-lined circular waveguides
will be presented in Chapter 2. The design of an 11.4 GHz externdly powered dielectric-
loaded travding-wave accderating structure will aso be described.  One important
engineering task in implementing such accderating dructure is the achievement of efficient

wave coupling. Thiswill be discussed in the later part of Chapter 2.

The fabrication, bench measurement, vacuum testing, and high power testing of the
gtructure will be described in Chapter 3. The maor purpose of congtructing such an X
band travding-wave accderation dructure is to experimentdly seek the fundamentd

knowledge of usng didectric loaded structure in particle acceleration.

Chapter 4 is focused on the efficient coupling scheme we arived a. The MAFIA

amulations of such coupling structure are presented, and the possible causes of inaccuracy
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will be discussed.  The results of the AWA sep-up transformer experiment will be
andyzed to show that such coupling scheme is ussful to smilar didectric-loaded
accderating gtructures, and the accelerating mode can be correctly excited using this

configuration.

A new direction of usng dieectric in accderating Sructures will be discussed in
Chapter 5. A nove hybrid didectric-iris-loaded accderating Structure is introduced to
reduce the peek surface dectric field, which is thought to be the cause of arcing damage
and detuning of NLC-gyle dructures in high power teding. Cdculations will show tha
this kind of new dructure is capable of achieving a lower peask surface dectric fidd, while
the accderation performance will not be degraded. Chapter 6 is the concluson of this
thess. Besdes the summary of the current research program, some further research topics
that should be invettigated in the future study of dielectric-loaded acceleration Structures

are discussed.
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CHAPTER 11

DESIGN STUDIES OF ACCELERATORSUSING DIELECTRIC-LINED
CIRCULAR WAVEGUIDES

2.1 Dielectric-lined Circular Waveguides Basics

A didectric-lined crcular waveguide has a very smple geometry. It is merdy a
dielectric cylinder with inner radius a, outer radius b and surrounded by a conducting wall.
The schematic drawing of such a waveguide is shown in Figure 2.1. As shown in Fgure
2.1, region | is vacuum, and region Il is dieectric filling. Such smple geometry makes
didectric-lined waveguides the vauable candidates for X-band and higher frequency band
accderation dructures, because it is expendve and difficult to precisdly fabricate
conventiond iris-loaded copper dtructures.  The characteristics of such didectric-lined

waveguides will be discussed in the following.

It is wel known that the transverse dectric fidd E and magnetic intengty H; in a

waveguide can aways be expressed in terms of the longitudina components E; and H,

U G P |
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Transver se Cross Section Longitudinal Cross Section

Figure 21 The Schematic Drawing of a Didectric-lined Circular Waveguide. Region | is
vacuum, region |1 is ceramic with dielectric congtant of e, and region [11 is copper.
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The boundary conditions of didectric-lined circular waveguides a the interface between
didectric and vacuum, and on the conducting wal are

By (r =a) =Ex(r =a)
Hy(r=a)=Hy(r=a)

23)
E2t (r = b) =0

where Ej; and Ep; are the tangentid eectric fidld components in the vacuum region and

didectric region, respectivdly. Smilaly, Hi; and Hy: ae the tangentid magnetic fidd

componentsin such two different regions, respectively.

Applying these boundary conditions, the genera solution of equation (2.2) can be

expressed as
i ByJn (kyr) cos(nf )el (M- kz2) Ofr<a

EZ:.IL.BZ[Jn(er)' \]n(kzb)Yn (kzr)] COS(nf )ej(Wt-kZZ) afreb
I Yn (kob)
i j 2.4
! A, (kyr) sin(nf el @t k2) 0fr<a (24)
! ¢

H,=i |

’ : Ao[Jn(kor) - MYn(kzr)]s'n( nf)e!Wk2 agrgp

7 Yo (kob)

where B1, By, A1 and A, are the fidd amplitudes in the region | (vacuum) and |l (diglectric)
respectively and are related by boundary conditions, and

2 .2 (2.9)
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where v, is the phase velocity of the wave traveling insde the tube, ¢ is the speed of light in
free space, ki and k, are the cutoff wave number in region | and I, respectively. The
quantity k; in Equation (2.5) is the wave propagation constant, assuming waves propagate
dong z axis. The quantity a is the radius of vacuum region {he opening for beam passing

through), and b is the outer radius of didectric (or the radius of such waveguide).

Using equationsin (2.1), the components of transverse dectric field can be written as

é \ |
10 3, %gr) + . ;” BLJ, (kyr)gsn(nf el 2 0gr <a
d

|
|
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In the above equaions the following functions ae defined for compactness in

representation:
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JIn(kab)

Fon(kor) = Jn(kar) - Y, (k,b)

Y (kor)

Gon(Kot) = Iy (Kor) - 0 z((k2b)v (Kor)
2

JIn (kD)
Y (kob)

J, (k2b)

(2.8)

an¢(k2r) = Jn¢(k2r) - an:(kzr)

Gan (ko) = 3,%kor) - YA

Yn (kzb)

Equations (2.4), (2.6) and (2.7) are the general expressions of the electric and magnetic
fidd components for dl waveguide modes in the didectric-lined waveguide. Usng the

boundary conditions a r=a (E, E;, Hf, and H, continuous), one can reach the following

system of equations:

! ¢ (koa) wi k,n k. n u
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€ (k,8) - (a) 20 j a) i F.. (k.3

& lgZa M e M o T e k@)

éAu éu

gBZu— 0
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To have norttrivia solutions of this homogeneous equation, there must be

w k,a) wi bn _bn

M 5 ey S led M e g PR (Ga) - 2 (o)

Ky Jn(k@)  ky kl a k2 a -0
bn bn we, F.(k,a) wee B

D0 G ta) DGl 200 e Fmlled) Werko g 6y
kl a k2 a kl Jn(kla) k2

(2.10)

Thus the generd disperson relation for any waveguide mode indde the didectric-lined

waveguides can be obtained from Equation (2.10), leading to
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One of the solutionsis TMo; mode. This mode has the following field components:

: B, Jo (Kyr)el - ke2) Ofr<a
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And the dispersion reation of the TM o1 mode is expressed as

) : ( .
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(2.11)

(2.12)

(2.13)

To accelerate particle beams, the phese velocity v, of the TMo: mode in such

didlectric-lined circular waveguide must be synchronized with the beam veocity, and v,

should be the speed of light to accderate reativisic particle beams. Meanwhile, the inner

radius a is chosen based on the requirements of beam dynamics. Thus, the outer radius b

should be adjusted accordingly to achieve the desired vp. The geometric parameters a and

b are not independent of each other for the given dielectric congant. The inner radius a is

usudly chosen as the governing parameter.
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The deflecting modes in didectric-lined circular waveguides are the HEM ,,, modes.
The lowest deflecting mode is the HEM11 mode, and it is the most harmful mode for
acceleration [44, 45]. If the transverse dectric force is too strong, the deflecting mode can
cause beam break-up [46]. From Equation (2.11), we can have the disperson relation for
HEM 1» modes as the following

€my 3'ea) My G Tkod) ¥ey 3,kia)  ere Fun'lkon)
gla Ji(ka) kpa Gy(kya) ggkia Ji(ka)  ka Fiy(kza) g

_ (kw)*
(k1k2 a)

(2.14)
U \4 (nb r€o - rrbeO)

Figure 2.2 shows the disperson curves of phase velocity versus frequency for TMoz
and HEM11 modes in a didectric-lined circular waveguide with a=2.96 mm, b=4.53 mm,
and e=20. Fgure 2.3 gives the operating frequency of the TMo1; mode and the HEM 11
mode as a function of the propagation congant k, respectivly. When k=0, the
corresponding frequency is the cutoff frequency of such mode. It is shown in Figure 2.3
that the cutoff freqguency of HEMj1 mode is lower than tha of TMp; mode. The
intersections of such two disperson curves with the speed of light line indicate that the
propagation congtant of HEM 11 mode is less than that of TM; mode, at the location where
these two modes have the same phase velocity as the speed of light ¢. Thus the amplitude
of the transverse wakefidds caused by particle beams passng through such didectric-lined
waveguide is smdler than that of the longitudind wakefidd [45], because dl the wakefidd
modes have the same phase velocity. This is very important for preventing Beam Bresk
UP (BBU), and it is one advantage of udng didectric-lined circular waveguides as

accderators.
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v,vs.ffor TM, and HEM ; modes
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Figure 22 The Phase Vdocities of the TMo1 Mode and the HEM1; Mode versus

Frequency in the Didectric-lined Circular Waveguide Shown in Figure 2.1 with a=2.96
mm, b=4.53 mm, and e,=20
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k,vs. Frequency for TM ,, and HEM ;, modes
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Figure 2.3 The Propagation Congants of the TM1 Mode and the HEM 11 Mode versus
Frequency in the Didectric-lined Circular Waveguide Shown in Figure 2.1 with a=2.96
mm, b=4.53 mm, and e,=20
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However, the flip Sde of this characteridic is that this class of waveguide is able to
support multiple propagating modes a the operaing frequency for particle accelerdion.
Therefore, energy loss from mode converson in such kind of waveguide is the engineering
concerns.  This problem is smilar to usng TEy; mode in an empty circdar waveguide that
can support multiple propageting modes at the operating frequency [47-50]. The thorough
invedtigation on mode converson in didectric-lined circular waveguides is beyond the

scope of thisthes's, but it needs further studies.

Figure 2.4 shows the family of curves of phase velocity v, versus frequency for the
TMo1 mode, when various digectric congtants are chosen, and the beam aperture radius a is
fixed. Figure 25 shows the family of curves of phase velocity versus frequency for the
HEM1; mode. Two sets of disperson curves of the TMo; mode and the HEM 1; mode are
shown in Figure 2.6 and Figure 2.7, repectively. For a fixed beam opening size, the cutoff
frequencies of both TMo; and HEM1; modes are lowered as the dielectric constant &
decreased. Because the larger outer radius has to be chosen for the ceramic with the lower
didectric congant to synchronize the phase velocity of TMo; mode with beam velocity, the
transverse dimenson of such didectric-lined drcular waveguide is increased. Thus, the

cutoff frequencies of waveguide modes are lowered.

Cdculaions with various beam opening radius have been carried out. Figure 2.8 and
29 show the frequencies of TMo; mode and HEM1; mode as functions of the phase
velocities. The propagation congants versus the frequencies for the TMo; and the HEM 11

modes are shown in Figure 2.10 and 2.11.
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v, vs. fof TM;; modes
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Figure 24 The Phase Vdocities of the TMo; Mode versus Frequency in the Didectric-

lined Circular Waveguide Shown in Fgure 2.1 with a=2.96 mm, and Vaious e,. The
outer radius b of these waveguides should be adjusted accordingly.



37

v,vs.fof HEM ;; modes
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Figure 25 The Phase Vdocity of the HEM1; Mode versus Frequency in the Didectric-
lined Circular Waveguide Shown in Fgure 2.1 with a=2.96 mm, and Various e,. The
outer radius b of these waveguides should be adjusted accordingly to synchronize the
phase velocity of TM 1 mode with the velocity of rdativistic particle beams.
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k,vs. fof TMO1 modes
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Figure 26 The Propagation Congant of the TMo; Mode versus Frequency in the
Didectric-lined Circular Waveguide Shown in Figure 2.1 with a=2.96 mm, and Various
er. The outer radius b of these waveguides should be adjusted accordingly to synchronize
the phase velocity of TM o1 mode with the velocity of rdativigtic particle beams.
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k,vs.fof HEM ;, modes
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Figure 27 The Propagation Congant of the HEMi; Mode versus Freguency in the
Didectric-lined Circular Waveguide Shown in Figure 2.1 with a=2.96 mm, and Various
er. The outer radius b of these waveguides should be adjusted accordingly to synchronize
the phase velocity of the TM o1 mode with the velocity of relatividtic particle beams.
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v, vs. fof TM, mode
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Figure 2.8 The Phase Vdocity of the TMo1 Mode versus Frequency in the Didlectric-lined
Circular Waveguide Shown in Figure 2.1 with =20, and the Various Beam Aperture
Radius a. The outer radius b of these waveguides should be adjusted accordingly to
synchronize the phase veocity of TMo; mode with the velocity of rdaivigic particle
beams.
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v,vs.f of HEM ,; mode
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Figure 29 The Phase Vdocity of the HEM 11 Mode versus Frequency in he Didectric-
lined Circular Waveguide Shown in Figure 21 with =20, and the Vaious Beam
Aperture radius a. The outer radius b of these waveguides should be adjusted
accordingly to synchronize the phase veocity of TMp; mode with the veocity of
relativigtic particle beams.
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k,vs. fof TM ,, mode
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Figure 210 The Propagation Congtant of the TMo; Mode versus Frequency in the
Didectric-lined Circular Waveguide Shown in Fgure 2.1 with =20, and the Various
Beam Aperture Radius a. The outer radius b of these waveguides $ould be adjusted
accordingly to synchronize the phase veocity of TMo1 mode with the vdocity of
relativigtic particle beams.
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k,vs. f of HEM , mode

12
11 1 P
7
/
N
5 10
—
a=2.96 mm
9 - // — — a=4.0 mm
o ——=- a=6.0 mm
8 . : :
0 100 200 300

k, (1/m)

Figure 211 The Propagation Congtant of the HEM1; Mode versus Freguency in the
Didectric-lined Circular Waveguide Shown in Figure 2.1 with =20, and the Various
Beam Aperture Radius a. The outer radius b of these waveguides should be adjusted
accordingly to synchronize the phase veocity of TMo: mode with the veocity of
relativigtic particle beams.
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The digpersion rdatiorns of the TMo; and the HEM 11 modes have been discussed in
previous sections. For particle acceration, we are dso interested in the field patterns of
waveguide modes in such dieectric-lined waveguides, especidly the accderating TMos
mode. The dectric fidds of TMo; mode expressed in Equation (2.12) have very interesting
characteristics.  When the phase velocity of the TMo; wave is equd to c, the longitudind
dectric fidd E; is condant in vacuum region. This implies that there are no focusing and
de-focusng forces for a redividic paticle traveing indgde the vacuum region. This is
criticd for emittance preservation in the linear accderators.  Figure 212 shows the
amplitude of E; dong the transverse radius a z=0. The vector dectric field pattern plot that
is obtained from MAFIA smulation a vp=c is given in Fgure 213. The condant
longitudind dectric fidds in the vacuum region can be easly identified a the transverse
cross-sections where the transverse eectric fiedlds are zero.  The didribution of the
amplitudes of dectric fields is shown in the contour plot and surface plot of Figure 2.14.
Because of the cylindricd symmetry, only hdf pat of the longitudind cross section is
drawn in Figure 2.14. We can see that the pesk dectric fidd of the TMo1 mode occurs at
the axis, when the phase veocity synchronizes with the veocity of rddivigic particles.
This is one diginct advantage of the didectric-lined circular waveguides as acceerating
dructures.  The digribution of the magnetic fidd amplitude is shown in Fgure 215. The
enhanced magnetic fields are concentrated in the didectric region, and the peak magnetic
fild occurs on the wal. Meanwhile, the didectric filling causes the enhanced surface
magnetic fidd. It results in more power disspation in diectric loaded dructures than in

pure copper based structures.
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E,Amplitude at z=0, t=0
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Figure 212 The Amplitude of E; of the TMo1 Mode aong the Transverse Radius of the
Didectric-lined Circular Waveguide as Shown in Figure 2.1 with a=2.96 mm, e,=20, and
b=4.53 mm. The phase velocity of the TM; waveisequd to c.
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Figure 213 The Vector Electric Fidd Plot of the TMo; Wave in the Didectric-lined
Circular Waveguide Whose Geometric Parameters and Didectric Congant are Given in
Figure 2.12. The phase velocity of the TM g1 wave is approximately equd to c.
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Contour and Surface plots of Electnic Field Amptude
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Figure 2.14 The Contour and Surface Plots of Electric Fiedd Amplitude of the TMo; Wave
in the Didectric-lined Circular Waveguide Whose Geometric Parameters and Didectric
Congant are Given in Figure 2.12. The phase veocity of the TMo; wave is equd to c.
The peak ectric field occurs at the axis.  In these plots, dark red indicates the highest
amplitude.
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Figure 2.15 The Contour and Surface Plots of Magnetic Fiedd Amplitude of the TMo; wave
in the Didectric-lined Circular Waveguide Whose Geometric Parameters and Dielectric
Congant are Given in Figure 2.12. The phase velocity of TMy; wave is equd to ¢. The
pesk magnetic field occurs a the wal. In these plots, dark red indicates the highest

amplitude.
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The time average power disspaion per unit length Pgss and the time average stored
enagy per unit length U in the didectric-lined circular waveguide are two important
properties of such structures. Pgss consdts of the power disspated on the wal and in the

dielectric, and can be expressed as

Piss :%@HA |r2:bds+% e e, tand| E*dV (2.15)
Diélectric
UnitLength

where S is the surface area of the wall of unit length, Rs is the surface resistance of copper
per unit length, H.,(r =b) is the transverse magnetic fidd on the wall, and tand, is the

loss tangent of the didectric materid. The surface resstivity Rsis defined as

mw

R, =2 (2.16)

where s is the conductivity of copper. In Equation (2.15), we, gytand, is an equivaent

conductance of dielectric, thus the second part of such equation is the average power

disspation in dielectric materia per period per unit length.

The average stored energy per period and per unit length is aso composed of energy
gtored in vacuum region and that in didlectric region, and is expressed as

u=% (‘(eOE2+an2)dV+% C(ere0E2+an2)dV (2.17)

Vacuum Didectric
UnitLength UnitLength
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The cadculaions of the power disspation and stored energy per unit are important to obtain

other parameters. In the following section we need briefly vist some important accelerator

parameters.

2.2 RF Parametersof Traveling-wave Accelerators

To discuss the design of didectric loaded accderating gructures, it is hepful to
introduce some commonly used figures of merit for accderating Structures.  Important
congderations in dedling with design issues need to be addressed as well. Furthermore, the
new acceerator technology based on didectric loaded dructure can be merited

quantitatively.

Let us congder an eectromagnetic wave propageating dong the +z direction in a

waveguide, with the eectric field dong the axisis given by

_ e Z u
E,(zt)=E(2) cosg;vt - Qdkz(z) +f H (2.18)

where the wave number K is expressed in terms of the phase velocity v by kA2) = wivp(2).
For efficient particle acceleration, the phase velocity of the wave must be closely matched
to the beam velocity. If we consder a paticle of charge g moving dong +z direction,

whose velocity v(z) a each indant of time equas the phase veocity of the traveling wave,
the particle arrives a pogtion z a time t(z) = (‘gzdz/v(z), and the dectric force on the
paticleisgiven by F, = qE(z)cosf . This particle is referred to as a synchronous particle,

and the phase f isthe synchronous phase. The phase f is zero if the particle arrives a the

origin when the fidd is & a crest. It is negdive if the particle arives a the origin earlier
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than the crest, and pogtive if it arives later. The accderaion using the eectromegnetic
wave defined by Equation (2.18) is the traveing-wave acceleration. We need introduce

some important accelerator parameters of such traveling-wave accelerating structure.

There are severd figures of merit that are commonly used to characterize accderaing
dructures. Some of these depend on the power that is disspated because of eectrica
resstance in the wdls. The wdl-known qudity factor of an accelerating structure is one of

them. It isdefined in terms of the time average power 10ss Pgiss per unit length as

0 wU wuU (2.19)

Piiss  Pwall * Puidectric

where U is the average stored energy per unit length, and Pya and Pgeectric are the power
disspation per unit length in the wal and didectric, respectively. For X-band or higher
frequency band gructures, the power dissipation in the wall is much more than that in the
didlectric, because of the largdly increased skin effect. Equation (2.19) is equivdent to the
following definition

_ Puan + Figectric -1 . 1 (2.20)

1
Q wu Qual Quiectric

where Quan ad Quigectric are the qudity factors determined by wall loss and dielectric loss,
regpectively.  For a circular waveguide partidly loaded a thin layer of very low loss
didectric ceramic, Quigectric 1S Much gregter than Quai in X-band or higher frequency band.

Thus we can gpproximatdy have Q » Quai.
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It is convenient to introduce some important relationships between the pesk axid
longitudind eectric fiedld amplitude E, (known as acceleration gradient), the stored energy
per unit length U, and the traveling wave power flow P,. The traveling-wave power of
TMo1 mode is obtained by integrating the Poynting vector over the transverse cross section
andis

1.
Py =5 € Hy s (2.21)
S

The power disspation per unit length in the structure is —dP,/dz. The quadlity factor Q can
also be expressed as
wuU

i dP%Z

The shunt impedance per unit length, a figure of merit that is independent of the excitation

Q= (2.22)

levd of the accderation dructure and measures the effectiveness of producing an axid
accderaing field amplitude for a given power dissipated, is defined by [51]
E

2
] P%Z

The group veocity is another important parameter of traveling-wave accelerators. The

r= (2.23)

definition of group velocity in awaveguide is expressed as

_ dw

vV, =—— 2.24
- (2.24)

where k; is the wave number of +z direction, the wave propagating direction. For practica

cases where the disperson is not too large, the energy velocity is equa to the group
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velocity. Thus the group veocity of a traveling wave can be caculated from the energy
velocity vg=Pw/U, where P, the traveling-wave power and U is the time average stored
energy per unit length. For agiven z, we have:

1\ = , - *
> CRA(E, * Hy o
V. =

(2.25)

g 2 :

0
v
a

it

ength

. RE?
§T+ 4

Himinding U from the expresson of the qudity factor Q usng Pw=vgU yidds a

differentia equation for traveling-wave power,

OR, _ WA, (2.26)
dz Qv,

We define the fidd attenuation per unit length as

w
a, = 2.27
o (2.27)
So, Equation (2.26) becomes
dh - 2a,P, (2.28)
dz

The smplest case of an iris-loaded traveling-wave structure with uniform cell geometry
independent of z and identical parameters for each cell, indluding Q, vy, r, and a o, isfird
consgdered. Thisis congtant-impedance structure in the literature. A traveling-wave
structure based on a uniform dielectric-lined circular waveguide is dearly a congtant-
impedance acceleration structure. For such a gtructure, the attenuation per unit length is

congtant, so the solution to Equation (2.28) is
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P,(2) = Pg % (2.29)

where Py isthe input RF power. This equation shows that the wave power is exponentidly
decaying. We can obtain asmilar expression for the accelerating fidld amplitude. Itis

graightforward to show that the accelerating field and the traveling-wave power are related

by

E2=—w (2.30)

a-. 2 =_aE, (2.31)

The solution of the above equetion is

E,(2) =E,e°” (2.32)

where Ej isthe accderating field amplitude a the beginning of the accelerating tank. At

the end of atank of length L, we have

P,(L)=Pe?°

E,(L)=Ee" (2.33)
t 0 :aol_ :W_L
ZQVg

wheret o isthe total power-attenuation parameter for that tank.

In an accelerating structure we are redly more interested in maximizing the partide
energy gain per unit power disspaion. The energy gain of an abitrary synchronous

particle with charge q riding at aphasef rediveto the crest of the wave is given by



95

_tO

cosf (2.34)

L -
DW = qcosf @ E, (2)dz = gE, !

Using the rdatiion between the input power Py and input fidd Ep evaluated a z=0, we can

show that E,” = 2ra ,P,, which leadsto

DW =q,/2rR,L cosf (2.35)
./ «/_

If the input power and shunt impedance are fixed, the energy gain over a tank of length
L depends on the totd attenuation parameter to. From the above equations, we can see that
the tota attenuation parameter can be controlled by choosing the group velocity. If the

vaue of tg isto be chosen to maximize the energy gan DW in the length L, it is found thet
the maximum occurs when t , =(€'° - 1)/2, which has the solution as t, »1.26, and

Equation (2.35) yieds for the maximum energy gain per tank for the optimized t o [51]

DW.__, =0.903q,/2rP,L cosf (2.36)

Clearly, if a particle is riding at the crest of the wave, when f =0, it experiences the

maximum axia dectric fidd and obtains the maximum energy gain.

The choice of the group velocity vg is an important issue in accelerator design [51]. If
Vg is too smal, the atenuation of the wave will be too great, and the field in the latter part
of the Sructure will be very smdl. In this case, most of the power, which is traveling
relatively dowly through the dructure, is disspaed in the wadls of the Structure, resulting
in a poor transfer of power to the particle beam. If vg istoo large, the initid accderaing

fidd throughout the structure is dso too smal for efficient energy transfer to the beam. In
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this case, mogt of the beam power passes rapidly through the structure and is delivered to
the external load. However, the group velocity Vg, shunt impedance per unit length r, and Q
are dl functions of the geometry of the structure. For a good accderator, the group

velocity should be less than 10 percent of the speed of light [10].

Besdes choosng the optimum group veocity, one of the man objectives in
accderating cavity design is to choose the geometry to maximize shunt impedance per unit
length. This is equivdent to maximizing the energy gain in a given length for a given

power loss.

Ancther useful figure of merit is the ratio of shunt impedance per unit length to Q,

often cdled r over Q,

2

é = V'iu (2.37)

The quantity r/Q measures the efficiency of accderaion per unit Stored energy a a given
frequency. The accderating fidd amplitude E, in the above equation is the pesk axid
eectric fidd amplitude. As we know, the dectric field amplitude is exponentialy damped
as the wave propagates. E, and U ae both functions of z At the entrance of an
acceleration tank, Ea is Eo. This parameter is ussful, because it is a function only of the
cavity geometry and is independent of the surface properties that determine the power

|osses.

With these accelerator parameters, we can discuss how the structura parameters of a

didectric-lined circular waveguide affect the performance of the accderator. Furthermore,
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the desgn of an accderator usng a didectric-lined circular waveguide can be considered

aswdl.

Accderation dructure design generdly requires eectromegnetic fidd-solver codes
that solve Maxwdl’s equations numericdly for the boundary conditions specified. The
parameters of the accelerator’s characteristics can be obtained from the numerica solutions
of field components of such structure. In our design procedures, we were benefited from
severd tools induding fidd-solving codes we wrote in MahCAD [52], and MAFIA [4]], a
commercid dectromagnetic fidd solver.  The design of hybrid didectric-ins-loaded
dructure, discussed later, was completely supported by the latter. To desgn a dielectric-
loaded accelerating structure based on a didectric-lined circular waveguide, we caculated
the waveguide modes in such dructure using a fidd-solving code written in MahCAD.
The RF parameters introduced in the above were computed for models of X-band dielectric

loaded acceleration structures with chosen geometric parameters and didectric materias.

As discussed before, the group velocity of the TMo; mode is an important specification
in the accelerator design. Equation (2.24) and (2.25) can be used to obtain the group
veocity of the TMo1 in the given dructure.  The plots in Figure 2.16 show the group
veloaity vy of the TMo; mode as a function of the dielectric constant of ceramic, when the
beam aperture radius a is fixed. From Figure 2.16, we can see that vy decreases as the
didectric congtant increases, for the given beam gperture radius. Ancther concluson we
can arive a based on Figure 2.16 is that for the given didectric materid, the group
velocity of the TMo; mode increases as the beam aperture radius increases.  The congtraint

on choosing the beam aperture size is caused by the condderaions of beam dynamics in
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Figure 216 The Group Veocity vgy of the TMo1 Mode as a Function of Didlectric Constant
er with the Various Beam Aperture Radius a. The wavdength | =26.242 mm. For a
given beam aperture radius and dielectric constant, the outer radius b should be adjusted
accordingly to have the phase velocity of TM o1 mode equal to the speed of light c.
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such class of accderation dructures.  Therefore, an optimization procedure should be
goplied to determine the geometry and dielectric congtant of ceramic for such acceleration
sructure based on a didectric-lined circular waveguide. However, our interest here will be
limited the influence of the dructure parameters on the RF parameters of the didectric

loaded accdleration structure.

Figure 2.17 shows the varidion in the outer radius b of the didectric filling as e is
vaied for a given inner radius a to achieve the phase velocity of the TM1 mode equal to
the speed of light c. It underscores that one of the three structure parameters a, b, and e,

shown in Figure 2.1, is dependent on the others.

The qudity factor Q as a function of the dielectric congtant of the ceramic and the
beam aperture radius is shown in Figure 2.18. One interesting character here is that the
quaity factor is dmost determined only by the didectric congant of the ceramic. The
beam aperture sze shows very weak effects on the Q of dielectric loaded acceleration
dructure. It is dear tha a higher vaue of didectric constant results in a lower Q for a
given beam aperture sze. It is caused by the enhanced surface magnetic fields leading to
an increese in the power disspation on the wal. At the same time, the higher didectric
constant dso means smaller group velocity. To achieve a group veocity less than 0.1c, the
quaity factor of such dieectric loaded dtructure degrades subgantidly. This is one
drawback of using a didectric-lined circular waveguide as an acceerator.  On the contrary,
the qudity factors of pure medlic iris-loaded accelerating structures are dmost constant

over arange of group velocities of the TM g1 mode.



60

Dielectric Constant vs. Outer Radiusb

0.40
\\ a=0.1128l
0.35 1 \\ wessns 9=0.15241
N ———- a=0.2286l
0.30 1
=
O
0.25 A
0.20 A1
0.15

Figure 2.17 The Outer Radius b of the Didectric-lined Waveguide Varies as a Function of
the Didlectric Congant e, with the Various Beam Aperture Radius a. The wavelength
| =26.242 mm. For given beam aperture radius and the didlectric congtant, the outer
radius b must be adjusted accordingly to have the phase velocity of the TM o, mode equal
to the speed of light c.
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Dielectric Constant vs. Q
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Figure 218 The Didectric Congant versus the Quality Factor Q of the Didectric Loaded
Accderation Structure, with the Various Beam Aperture Radius a. Here the wavelength
| =26.242 mm. For a given beam aperture radius and a didectric congtant, the outer
radius b must be adjusted accordingly to have the phase velocity of the TM o1 mode equd
to the speed of light c.
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The shunt impedance per unit length r indicates the accderation effectiveness to per

unit power dissipation. From Equation (2.23) and (2.26), we can have r expressed as

(2.38)

Figure 2.19 shows the shunt impedance per unit length as a function of the didectric
congtant of the ceramic and the beam aperture radius. The shunt impedance decreases as
the didectric constant increases, as a result of higher power dissipation. Moreover, the
andler the beam hole, the higher shunt impedance. The shunt impedances of these
didectric-loaded accderating dructures are comparable to those of metdlic iris-loaded
gructures. One example of X-band metdlic iris-loaded accelerating structure has been

described in chapter 5.

The curves in Figure 220 show how r/Q varies as the function of the didectric
conglant and the beam hole radius. The figure shows that r/Q decreases as increasing
dielectric congtant, which is equivdent to reducing the vaue of the group velocity. The
compensation for the degraded Q is the enhanced r/Q, considering the typica vaues of r/Q
of metdlic iris-loaded acceerating structures.  In other words, the dielectric loaded
accderating dructures have better acceleration efficiency per unit energy stored. It should
be emphasized that both r and r/Q ae functions of vg. Thus the comparison with
conventiond metdlic accderating dructures should be made when two classes of

sructures have the same group velocity of the TM g1 wave.
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Didectric Loaded Acceeration Structure, with the Various Beam Aperture Radius a.
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TMo1 mode equa to the speed of light c.
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Figure 220 The Didectric Congant versus r/Q of the Didectric Loaded Acceleration
Structure with the Various Beam Aperture Radius a. Here the wavelength | =26.242 mm.
For given beam hole radius and didectric congant, the outer radius b must be adjusted

accordingly to have the phase velocity of the TM o1 mode equal to the speed of light c.



65

2.3 Design a Dielectric L oaded Accelerator

The advantages and disadvantages of accelerating Structure based on didectric-lined
circular waveguides have been discussed in the previous sections. However, the following
fundamentd issues have to be invedigated before a very high gradient didectric-loaded

accderator can be redized:

¥ Didectric breskdown: Because the amplitude of the pesk surface dectric fidd in
the didectric-lined circular waveguides is very andl, the condrant of the
achievable acceleration gradient is the dielectric breskdown limit.  The breakdown
limits of low loss didectric ceramics to a large extent are till unknown, especidly
when the ceramics are subject to a very high power RF pulse, in ultra-high
vacuum, and at X-band or higher frequency bands. If such limit can reach about
70MV/Im, it will cetanly meke a didectric loaded accderating sructure a
potentid dternative to conventiond metdlic dructures for the next generdion

linear collider.

% Joule heatingg The hedting caused by the power disspation increases the
temperature of the ceramic. Because the acceerating structure will be operated
with very high RF power, the temperature is expected to be extremey high. It is
dill largely unknown how much the diglectric properties of the ceramic change at
such high temperatures. Data on hegting effects on the ceramic are scarse, since it
is difficult to create the environment required for such measurement in normd

laboratory conditions.
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% Accumulation of surface charges on the didectricc.  When particle beams pass
through the beam hole, a smdl portion of the particles may hit the didectric wall.
If these charged particles accumulate on the surface of the didectric, the strong

transverse forces caused by them can result in beam break up.

¥ Absorption of gases in the didectric. A didectric ceramic B to a certain extent a
porous materid. If a smal amount of gas is trgpped in such didectric, the
didectric loaded structure may not be able to achieve the ultra-high vacuum, which
is necessary for high power teting. Whether the didectric loaded dructure is
cgpable of supporting ultra-high vacuum environment is an important aspect.
Moreover, how the vacuum properties vary under high power RF is dso needed
investigation.

¥ Dimensonad tolerances The sengtivities of the desred acceerator parameters to
the variation of geometric parameters determine how tight the tolerances should be
required in fabrication. The experimental investigation should be carried out to
sudy thisissue.

Therefore, experimental  invedtigations on  such didectric loaded accderating
sructures are necessary to answer these fundamenta questions. One X band accelerating
dructure usng a didectric-lined waveguide has been developed as the first step of
conducting such high power experiments. The TMp1 modes group veocity of the
developed structure was expected in the neighborhood of 0.05c, which is a typicd vaue of
the group velocity in the NLC dructure design. Table 2.1 shows the geometric parameters

and accelerator parameters of the didectric loaded accelerating structure. The high power
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experiment of the X-band didectric loaded accderating structure was originadly planned at
Stanford Linear Acceerator Center (SLAC), Stanford University, Cdifornia, because
SLAC's X-band klystron was the only suitable RF source at that time. As mentioned
earlier, snce X-band high power circulators or isolators are not available to handle the
reflected RF power from the accelerating structure to the RF source, the testing accelerating
dructure must use the traveling-wave operation. The schematic drawing of a traveing-
wave accderaing structure based on dielectric-lined waveguide is shown in Figure 2.21.

The RF power is coupled in from the input port, and taken out from the output port. For a
given RF power, the reflection a the input port must be minimized to protect the RF source
from arcing damage, and to have as much as possbhle RF power fed in the acceerating
dructure. The latter is very important for the overal accderaion efficiency in term of the
total power needed. Therefore, the efficient coupling between the input or output
waveguide and the dielectric-lined accderating structure is essentid.

Table2.1 The Parameters Of The Designed Didectric Loaded Traveling-wave
Accdleration Structure

Frequency a(mm) b (mm) er r (MW/m) Q r/Q (W/m) vg (€)

11.424 GHz 2.96 4.53 20 50.8 2903.8 17495.6 0.054

However, how to achieve such efficient coupling was proved as one mgor engineering
chdlenge in the condruction of such teding X-band didlectric loaded accelerating
structure.  The X-band SLAC klystron uses the standard WR-90 rectangular waveguide as
the output waveguide, whose inner dimendon is about 23mm wide. In the meanwhile, the

inner diameter of the didectric-lined waveguide that satisfies the reguirements on group
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Coupling Slots
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Figure 221 The Schematic Drawing of an Externaly Powered Traveling-wave Didectric
Loaded Accelerator
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velocity and other accelerator parameters is about 9 mm. Figure 2.22 illudtrates, to scale,
such large difference between the two waveguide dimensons. The consequence of such
configuration is that the coupling dot cannot be opened large enough to achieve the desired
efficient coupling. From the sandpoint of equivdent circuit, the coupling between the
input waveguide and the traveling-wave accelerating structure is indeed the impedance
matching of two different waveguides with different waveguide modes, respectivey [53].
Neverthdless, the classic impedance matching techniques, such as single-stub and double-
sub methods, are difficult to be agpplied in accderators, because accderating structures
must be able to handle ultra-high vacuum, and this makes tunable implementations very
difficult and expensve. At the same time, such configuraions can have very strong surface
dectric fidd a the tuning stubs, which are susceptible to arcing damage under high RF
power. Thus other schemes should be studies.  After intense experimental tudies, one new
configuration, which is a combination of a sSde coupled iris and a tapered ceramic section
near the coupling iris, has been developed. The principle behind such scheme is tha
tapered waveguide sections are good impedance transformers between two different
transmission lines. More than 90 percent power coupling between the input waveguide and
the desgned X-band didectric accderating dructure was demongtrated in the bench
measurement using such coupling scheme [25].  The coupling configuration is illudtrated in

Figure 2.23.

The wave coupling technique employed here should be studied thoroughly for the
development of didectric loaded accelerators. However, to andytically study the coupling

problem of such a complicated waveguide junction is very difficult. Furthermore, there is
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Figure 222 The In-scde Drawing of the Cross-section of the Junction between WR-90
Waveguide and the Didectric-lined Circular Waveguide Whose Geometric Parameters
are Shownin Table2.1
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Coupling Slots
WR90 Waveguide

Tapered Angle _

Figure 223 The Schematic Drawing of a Traveling-wave Didectric Loaded Accelerator
and the Efficent Coupling Configuration. Region | isvacuum, region |1 is digectric.
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not a generd method that can be gpplied for dl types of waveguide junctions. A smple
andyss of such coupling configuration will be discussed in Chapter 4. Some MAFIA
amulation results of such waveguide junction with actud geometric parameters are dso
presented. As mentioned earlier, the dieectric-lined waveguide used for such acceerating
dructure is able to support multiple propageting waveguide modes.  Whether the desired
TMo1 mode is excited as the dominant mode using such coupling technique will be
Substantiated by the experimenta results of the AWA step-up trandformer [36]. In the next
chapter, the fabrication, bench measurement and ultra-high vacuum testing of the X-band

dilectric loaded accelerating structure will be introduced.



73

CHAPTER 111

FABRICATION AND TESTING OF THE X-BAND DIELECTRIC LOADED
ACCELERATING STRUCTURE

3.1 Fabrication and Bench Testing

The propeties of traveing-wave accderating sStructures based on  didectric-lined
waveguides have been discussed in the previous chapter. However, severd fundamentd
issues concerning didectric loaded accderation dructures must be investigated through
experiments conducted with very high RF power in ultra-high vacuum conditions. The
desgn for a didectric loaded traveling-wave accederation structure at 11.4GHz was
presented in Table 21. The didectric loaded accelerating structure has comparable group
velocity and shunt impedance with the NLC dgructures [9, 10] that are based on
convetiond metdlic iris-loaded dructures.  In addition to the determination of the
geometric parameters, the engineering challenges in redizing an efficent RF power
coupling of the testing structure were aso discussed.  The coupling scheme developed by

the Argonne group was shown in Figure 2.23.

The parameters of the prototype accelerating structure constructed with 25 cm long
ceramic are liged in Table 3.1. The ceramic didectric is a compound of Mg Ti oxide,
which has nomind didectric congant of 20. This materid can be readily obtained from

commercial vendors[31].

The RF coupling scheme employed is dmilar to the Sde-coupled method in
conventiond iris-loaded accelerating dructures.  Impedance matching through the coupling

gperture is more difficult in the high didectric constant case because the inner diameter of



Table 3.1 Dimensons and Physical Properties of the 11.4 GHz Didectric Accderator

Coefficient Value
Material MgTi
Dielectric Constant e 20
Taper Angle 8°
Loss Tangent d 10
Inner Radius a 0.296 cm
Outer Radius b 0.453 cm
Frequency of the TM,; Mode (withv,=¢)  11.424 GHz
Frequency of the HEM,; Mode (withv, =¢)  9.96 GHz
Group Velocity v, 0.054 ¢
Attenuation 4 dB/m
Power Required (10 MV/m gradient) 2.6 MW
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the didectric waveguide becomes much smdler than the inner width of the rectangular
waveguide. In order to achieve efficient coupling, the ceramic section near the coupling
irs is tapered to serve as an impedance transformer.  The tapered angle was chosen to be &
for initid convenience. Such tapered ceramic sections were machined usng a custom
made diamond-coated mandrel. No other angles were tested, but the taper is assumed
gradud enough. The optimized coupling between the rectangular waveguide and the
didectric-lined circular waveguide is governed by the interaction of two geometric factors:
the dimenson of the coupling aperture and the taper angle of the ceramic. Further
engineering sudy of various tgpered sections is very important, but it is beyond the

immediate gods of the current research program.

The picture shown in Figure 3.1 disgplays the pats fabrication of the tesing
accderating dructure. The vacuum flanges for WR-90 waveguide sections were provided
by the SLAC Klystron Department. Figure 3.2 and 3.3 show the assembly of the prototype
accderating sructure viewed from different directions.  The important bench measurement
parameters ae the reflection coefficient s;1 a the input port and the transmisson
coefficient 1 between the input and output ports. The measurement configuration is

shown in Figure 3.4.

The optimized coupling dot dimensons are 4.7 mm (axid) =~ 5.69 mm (transverse),
which were arived a through experiments. At the same time the rdative postion of the
tapered didectric section to the coupling dot is dso a determining factor for the coupling.
The measurements of such podtions of the tgpered diglectric sections at the input and

output ports are criticd to the choice of the total length of ceramics needed for the
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Figure 3.1 The Parts Dislay Of The 11.4GHz Tesing Didlectric Loaded Traveing-wave
Accderating Structure
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Figure 3.2 The Assembly Of The Didectric Loaded Accelerating Structure (1)



Figure 3.3 The Assembly Of The Didlectric Loaded Accelerating Structure (11)
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Figure 34 The Configuration of Bench Measurement for the Didectric Loaded
Accderating Structure
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optimized coupling, if the podtions of the two coupling apertures are fixed. A procedure
was designed to measure the optima postion of the tapered diglectric section. Figure 3.5
shows such measurement scheme.  In this method, we use 51 measurement to optimize the
coupling, equivdent to impedance matching, between the rectangular waveguide and the
didectric loaded circular waveguide. The microwave-absorbing cone functions as the
matched loaded to the didlectric-lined waveguide. Thus there is no wave reflected from the
other port. The reflection a the measured port is totdly caused by the impedance
mismatch a the corresponding waveguide junction. By adjugting the postion of the
ceramics, the optimized postion of the tapered section can be found, for which g1 is
minimum.  Applying such a process to both coupling dots can lead to the required length
of ceramic didectric. Because of the dight dimensond differences in the tapered sections

and the coupling gpertures, both ports must be measured to find the optimal configuration.

Figure 3.6 is a picture of the actua bench measurement setup to test the didectric
loaded accelerating structure.  Plots of the measured s1 and g3 with a frequency span of
100 MHz ae shown in Fgure 3.7 and 3.8, respectivdy. The maximum vaue of the
transmisson coefficient, $1 is-1.7 dB a 11421 GHz. The reflection coefficient 51 & this
frequency is less than -20dB. This means that less than 1 percent of RF power is reflected

a the input port, and such minimized reflection makes the high RF power experiments

possible.

3.2 Vacuum Testing

The vacuum techniques have dgnificantly advanced since the first particle accelerator

was condructed. It has been found in experiments that better vacuum conditions can lead
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Figure 3.6 The Bench Measurement Setup of the 11.4 GHz Dielectric Loaded Accderating
Structure
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Figure 3.7 The 1 Measurement Obtained in the Bench Testing Shown in Figure 3.6
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Figure 3.8 The 511 Measurement Obtained in the Bench Testing Shown in Figure 3.6
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to higher breskdown limit. Therefore, an improvement in the vacuum in the accderators

will enhance the achievable acceerating gradient.

High RF power operation of the diglectric loaded accdlerating structure requires that it
be able b hold the ultra vacuum condition. If the vacuum condition is not sustained, the
densty of ions may be so high that breskdown will result. Thus the red breskdown limit
of didectric ceramic cannot be determined. This is a fundamental issue of any didectric
based accderating structure. As mentioned earlier, diectric ceramic is usudly consdered
as a porous materia, so that it can absorb gases and degrade the vacuum. An ultra-high
vacuum testing sysem, shown in Figure 39, was built to test the didectric loaded
accderaor section.  Such vacuum testing systlem consisted of a roughing pump, a turbo
pump, an ion pump, and ion gauge meters. Figure 3.10 shows the pressure during a pump
down exercise of the prototype dielectric loaded structure without vacuum baking-out. The
corresponding pressure measurement of the same gstructure during high vacuum baking-out
is shown in Figure 3.11. The reault after vacuum baking-out is given in Figure 3.12. After
one week of high vacuum baking-out at 150°C and one more week for pumping-out, the
pressure level on the pump side indicated that 10°° vacuum was achieved in such didlectric
loaded structure, and no change of dielectric properties was observed. Figure 3.13 shows
the vacuum measurement of the same dructure without loading didectric after vacuum

baking-out. Based on these, we may arrive at the following conclusons:

¥ Loading with dielectric ceramic does not necessarily result in degradation of the

vacuum.



Figure 3.9 The Vacuum Testing System for the Didectric Loaded Accderating Structure
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Figure 3.10 The Pressure in the Didlectric Loaded Structure before Vacuum Baking-out
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Figure 311 The Pressure in the Didectric Loaded Accderating Structure during Vacuum

Baking-out
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Vacuum Testing of Accelerating Tube With Dielectric
(After Baking Out)
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Figure 312 The Pressure in the Didectric Loaded Accderating Structure after Vacuum
Baking-out
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Figure 3.13 The Pressure in the Accderating Structure without Loading Didectric
Ceramics
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¥ High temperature vacuum baking-out can improve the vacuum by & least a factor

of 10, and this procedure does not lead to any change of the dielectric properties.

Only one ion pump was used in such vacuum testing system, and it pumped through
the smdl channd of the didectric loaded accderating dructure, while two ion pumps will
be mounted at the both ends of the accderator section in actud operation. Thus better
vacuum qudity can be expected from the actua experimentd setup. This ultra-high
vacuum testing gave the promising proof that the dilectric loaded accderating Structure is
cgpable of sdtisfying the requirements on vacuum for high power acceleration operation.
However, the vacuum properties with high power RF pulses present should be further

sudied in the actua experiments.

3.3 High Power Experiment

The eventud god of a high power teting on the prototype didectric accelerator
section is to invesigae some fundamental issues such as RF breskdown limits, Joule
heating, and vacuum properties of the didectric loaded structure under high power RF.
With 100 MW X-band RF power avallable at SLAC, we can test this sructure at a 60
MV/m acceleration gradient, comparable to the desired acceleration gradient for the NLC
gructures [9, 10]. Figure 3.14 is the drawing of the high power experimenta setup. The
assembly for the high power experiment is shown in Figure 3.15. If RF breskdown
happens in the didectric loaded waveguide, it can be observed from the viewports, shown

in Figure 3.14 and 3.15. The Faraday Cup is used to measure the dark current, if any.

The assembled testing sructure shown in Figure 3.15 was shipped to SLAC for

ingdlaion in June 2000. However, the deicae fagtening parts holding the didectric
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Fgure 3.15 The Assembly of the High Power Experiment Setup
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ceramics in pogtion were not able to sand the vibration during the shipping and fanding
process. The transmisson coefficient from port to port was changed serioudy. Mechanica
improvements on the fagtening parts have been put in place, and readjusment on this

dielectric loaded accelerator has aso been completed.

The schedule of the high power experiment a SLAC is currently contingent upon
when the X-band klystron facility is available. At the same time the preparation of a high
power testing on this prototype Xband didectric loaded accelerator is underway at Navy
Research Laboraiory (NRL) [54]. A teding facility for this experiment is currently under
congtruction, and the Magnicon at NRL will be ready to provide 11.4 GHz RF power of 56
MW soon [55]. The NRL Magnicon possesses the same WR-90 waveguide and SLAC-
dyle vacuum flange at the output port. Thus the didectric loaded accelerator section can
be eadly inddled and tested a NRL. The fundamenta issues concerning the dieectric

loaded accelerator will be studied in these imminent experiments at NRL and SLAC.
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CHAPTER IV

ANALYS SOF THE COUPLING SCHEME

4.1 Calculation Of The Coupling Scheme

The importance of effident wave coupling to traveing-wave didectric loaded
accderators has been discussed in the previous chapters.  Efficient coupling must be
achieved to limit the reflected power from the accelerating structure to the RF sources. It is
adso necessary to prevent deterioration of the overal power efficiency of the acceerator
and to avoid arcing damage to the RF sources. The widely used method of protection isthe
indalation of a ferite device cdled circulator to isolate the RF source, such as the
klystron, from the power reflected from the load impedance. However, circulators that can
be used for peak RF power of over 100 MW are unavailable at Xband. Thus efficient

coupling is very important to the di€lectric loaded traveling-wave accel erating structure.

The coupling scheme discussed in Chapter 2 has demondtrated good impedance
matching between the rectangular waveguide and the dielectric-lined crcular waveguide.
The reflected power is limited to less than one percent of the input RF power. The wave-
coupling problem is equivaent to the impedance matching between two transmission lines
that have different cross sections and operate in different modes. How the desred TMoz
mode is excited in the didectric-lined circular waveguide using the given coupling scheme
should be dudied. Because didectric-lined crcular waveguides can support multiple
propageating modes, when the operating mode is TMo1, the presence of other modes such as

the HEM 11 mode needs to be determined and diminated.
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The andyds of the coupling scheme is a very complicated problem. There is no
universal method gpplicable to any coupling structure, even though this problem has been
intensvely dudied for many years Some widdy used andytic and numericd methods

used in the andlysis of wave coupling will be briefly described in the following.

411 Bethe's Theory. Bethe [56-58] has developed a generd perturbation
technique for caculating the scattering of power by smdl apertures connecting one
transmission line to another. The theory is goplicable to the case of two transmisson
lines with different cross sections and operating in different modes. A condition of this
theory is that it goplies only to infiniteasmadly thin gpertures whose dimensons are smdl
in term of the operaing wavelength. These apertures should be located far from any
corners in a transmisson-line wal whose radius of curvature is large compared to the
waveength. Callin [59] derived some of Bethe's results usng a different gpproach. In
Bethe's theory, a sde coupling iris on a waeguide is assumed smdl so that it can be
described by three lumped condants, namdy two magnetic and one eectricd
polarizability M1, M, and P. M; and M, are the magnetic polarizabilities in the two
principd directions of the iris, and P is the dectric polarizability. These condants
determine the effect of the iris in any waveguide or cavity. When an dectromagnetic
fied fdls on an iris, the iris may be consdered as a secondary source of radiation. The
irns is then equivdent to an induced magnetic dipole moment and an induced dectric
dipole moment. Such magnetic dipole is composed of two components that are equd to

the products of the tangentid meagnetic fidds in the two principad directions and the
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corresponding magnetic polarizabilities.  Meanwhile, the eectric dipole is the product of

the norma dectric field a theiris and the dectric polarizability.

In the coupling scheme shown in Figure 2.23, there is only induced magnetic dipole
moment, because the operating mode in rectangular waveguide is TEjo. According to
Bethe's theory, the excited mode in the secondary didectric-lined waveguide is thus
expected as TMo; mode that has the tangentid magnetic field component parald to the

magnetic dipole.

Bethe's theory can be applied to relatively smple coupling structures. However, to
obtain the analyticd solution based on this theory is not dways sraightforward. Firt, the
premise of such gpproximation is that a coupling iris should be qudified as a smdl gperture
without thickness. The thickness of the coupling aperture is not negligible in the practica
cases, and the aperture may not be consdered smdl in term of the operating wavelength.
In some cases, the gpproximation corrections for large aperture can be added to Bethe's
coupling formula, and the atenuation of transmisson through a thick iris can dso be
corrected [53, 60]. Moreover, e prolarizabilities are only vaid as the properties of a
gndl coupling iris.  In the junction of WR-90 rectangular waveguide and the dielectric-
lined circular waveguide, the coupling gperture cannot be assumed to be smal with respect
to the dimensions of dieectric loaded waveguide. Further corrections to the formula are

needed.

The prolarizabilities of the apertures with arbitrary shapes are in generd difficult to

obtain andyticdly. In the practica applications, the daic fidd solutions are used instead.
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Cohn has developed an eectrolytic-tank method for measuring polarizabilities of arbitrary-
shaped apertures that are difficult to cdculate theoreticaly [61]. Nevertheless, such
goproximations are valid to smdl gpertures. Gluckstern [62] developed a method to obtain
the dectric and magnetic polarizabilities of arbitrary-shaped aperture in a thin screen by
solving the dectrogtatic and magnetrodtatic problems.  However, it is important to notice
that the generdity of this method has been challenged [63], and its results for rectangular
goertures in a thin screen have 12-15% discrepancy, comparing with the available

caculations and measurements [64].

Another difficulty is tha Bethe's method needs the solutions of the norma modes in
the secondary waveguide. Unfortunately, the andytica expressons of the norma modes

in the tapered section would be too complicated to be arrived at, if such expressions exist.

412 Moment Method. There are dso some recent andyses of eectromagnetic
fields radiated from rectangular gpertures on the wals of waveguides [65-67], and of a
junction of two waveguides coupled through a rectangular gperture [68-71]. Such andyses
are based on the moment method formulation [72], and provide good agreement between
numerical results and experimentd measurements within smal bandwidth and limitations
of varidions of gpertureé's dimensgons. The difficult part of this method is to congtruct the
Green's function in the seconday waveguide. Whether the Green's function in the
didectric-lined waveguide with the tapered section can be obtained or not is theoreticaly
uncertain.  Thus the applicability of the moment method to andyze the coupling scheme

needs to be verified.
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4.1.3 MAFIA Simulation (Using FDTD Method). From the above discusson, we
can see the reasons why it is o difficult to cdculate the coupling Sructure by the widdy
used techniques. The two methods discussed earlier are frequency-domain techniques.
Now let us briefly vist the Catesan mesh finite-difference time-doman (FDTD)
method. This method was first described by K. Yee in 1966 [73], and has been found
useful in numerous gpplications in eectromagnetic radiation, scattering, and coupling.
Severd key attributes combine to make the FDTD method a powerful tool [74]. Fird is
the method's amplicity; Maxwdl's equations in differentid form are discretized in space
and time in a draightforward manner. Second, since the method tracks the time-varying
fieds throughout a volume of space, FDTD results in as a good scientific visudization
method. These, in turn, provide the user with excdlent physicad indghts on the behavior
of dectromagnetic fidds. Findly, the geometric flexibility of the method permits the

solution of awide variety of radiation, scattering, and coupling problems.

The implementation of an dectromagnetic solving program usng FDTD is a large-
scde project, and it is certainly beyond the scope of the current research program.
Fortunately, we have access to MAFIA, one commercid dectromagnetic fiedd solver. The
T3 module of MAHA is a wel-known 3-dimensonad solver based on an dternate
derivation of the FDTD method, which can be obtained by approximating the integrd form

of Maxwdl’s curl equations (Ampere' s and Faraday’ s laws) [74].

We cdculated a junction of WR-90 waveguide and didectric-lined circular waveguide
usng MAFIA. The geometric parameters of such digectric-lined waveguide and the

tapered section are the same as those given in Table 2.1, and the dimensons of the coupling
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goerture are the same as the actua parameters. The input geometry of the caculated
waveguide junction is shown in Figure 41. The dectric fied digribution obtained from
the computation is dso given in the same figure. In the cdculation, the incident wave was
in the TEyp mode launched from the rectangular waveguide port. The output port was in
the didectric-lined waveguide. The boundary conditions a such two waveguide ports were
st as having matched load for dl the propagating modes. Figure 4.1 shows that TMo;-like

waveguide mode is excited insde the didlectric-lined circular wavguide.

Figure 4.2 shows the reflection coefficient 1 given by the smulation a the
rectangular waveguide port. Such coefficient is the ratio of the voltage of the reflected
wave to the voltage of input wave, and it is equivaent to about 1% input power reflected
back at the input port. The center frequency of the pass-band is around 11.45 GHz. The
trangmisson coefficient of the TEyp mode in the rectangular waveguide to the TM 10 mode
in the didectric-lined waveguide is given in Figure 43. Figure 41 dso shows the small
amount of hybrid mode component exising. The plot of the transmisson coefficient of the
TE1p mode to the HEM1; mode is given in Figure 44. The MAFIA smulaion on such
waveguide junction did shed light on the mode excitation of the coupling scheme used in
the testing didectric-loaded accelerator. The hybrid mode component may be caused by
the asymmetric coupling configuration.  If multiple coupling dots ae symmetricdly
configured, the hybrid mode may be dgnificantly cancelled. However, the incident waves
a dl input ports must maintain the identical amplitude and phase, then it is too complicated

to be used for this research program.
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Figure 41 The Electric Feld Didribution of the Junction of the Rectangular Waveguide
and Didectric-lined Waveguide
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One can notice that the accurecy of the results of MAFIA dmulation is not
satisfactory.  After intense cdculations usng MAFIA, there was little improvement

resulted. There are severd factors contributing to the problem.

Firg, the media in the cdculated dtructure is not uniform. Large cdculaion erors
may be induced a the interface of materids with differing materid parameter. In the core
FDTD dgorithm of MAFIA, the continuous derivetives in both space and time are
gpproximated by centered two-point finite differences, which result in second-order
accurecy [74]. The higher order methods [76] have not been used in MAFIA, perhaps due
to computationa and programming complexity. In our case, the permittivity of the media
is suddenly changed by a factor of 20 at the interface of diectric and vacuum, the premise
of usng two-point finite differences may no longer hold. Therefore, suitable supporting
dgorithms for such didectric-vacuum boundary conditions should be gpplied. As a
commercid FDTD solver, MAFIA lacks provison for this class of specia boundary

conditions.

The second @use of the inaccuracy in this MAFIA smulation is how the boundary of
the tapered diglectric section is represented in the mesh cdls. One mgor limitation of the
FDTD method is the use of the uniform orthogona mesh. This redtriction forces curved
and diagond boundaries to be represented by dar-cased gpproximations.  Such
approximations could be found in the generated mesh of our smulated waveguide junction.
It is very demanding to accuratdy reproduce the curved boundary in the waveguide
junction as shown in Figure 2.22, because the radius of the curvature is very smal. Very-

fine grids are expected to apply in this case. Because the tapered dielectric section has a
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diagond boundary, very fine grids should aso be employed to represent such geometry in
the thin didectric layer. The total number of mesh cells needed is expected to be large, and
the limited computation resources make very-fine mesh everywhere unpractica. Modified
methods have been developed to dlow grester geometric flexibility, but they dso incur a
higher computational cost [77-83]. However, the improvement can be achieved in a
goecidly dedgned solver for the waveguide junction used in our didectric loaded

accel erator.

As described in the previous paragraph, the geometry of the waveguide junction
imposes the chalenges on the mesh generation for an accurate smulation. MAFA dlows
employing grids of different Szes to represent the geometry. It is understandable that the
mesh dengty in didectric region should be very high, because the grid sze needs to be
very smal. However, the large dimensona difference between the rectangular waveguide
and the didectric lined crcular waveguide made it difficult to reach the optimad mesh
generation. The input and output waveguide ports should be defined at the reference planes
remote enough from the trandt section, the coupling section, to obtain the stable solution
that diminates the effect from evanescent modes. Thus the actud coupling section only
occupied a very smdl proportion of the whole calculated geometry. Another congraint on
MAFIA’s mesh generation is that the spdid ratio of the maximum grid to the minimum
grid cannot exceed 10 for accurate computation [41, 74]. In the caculated Structure, the
thickness of dielectric region is equivadent to about 10 percent of the diameter of the
circular waveguide, and 5 percent of the width of rectangular waveguide. To satisfy both

requirements, it would ill result in too many mesh cdls to be handled in the available
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memory space. Therefore, the calculations were carried out using the compromised mesh.
Moreover, the time step would be rdatively too small with respect to the large grids in the
cae of udng different Sze grids in mesh generation.  This could result in the increase of

the numerica disperson errors|[75].

The sources of cdculation inaccuracy of the MAFIA smulation for the coupling
scheme have been discussed. MAFIA has been successfully applied to solve a large
number of dectromagnetic problems. Modified techniques for the FDTD methods are
avalable to overcome such limitations of MAFA in this smulation, which was desgned
to be gpplicable to most dectromagnetic problems.  Such improvement can be redized in a
FDTD solving code written to target the coupling configuration with the tapered didlectric

sections.

4.2 Experimental Evidence Of Mode Excitation In The Coupling Structure

The AWA sep-up transformer experiment is introduced in this section, because it is
not only a milestone in the development of dielectric based accderating structures, but dso
it is an example of gpplication for the efficent coupling scheme using a sde-coupling iris
and a tgpered didectric section. In addition, the experimenta results can indirectly show
the mode ecitation problem of the coupling scheme.  The waveguide modes excited in the
didectric-lined circular waveguide through the given coupling scheme can theoreticdly be
identified usng the bead-pull messurements. However, such measurements for X-band

structures require specid ingrumentation.
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As mentioned in Chepter 1, the AWA didectric wekefidd step-up transformer
acceleration was proposed to overcome the condraint of collinear dielectric wakefied
acceleration schemes in the transformer ratio [23].  The schematic drawing of the didectric
step-up trandformer was given in Figure 1.3, conssting of a dielectric structure based two-

beam acceleration scheme.

The experiment conducted on the AWA didectric wakefield step-up transformer was
to demondtrate two-beam acceleration and that the transformer ratio can be larger than 2.
The implemented AWA dgep-up transformer extracts RF power from a redively large
diameter didectric-lined waveguide (sage 1) in which high intendty drive beams pass
through and give out energy by Cerenkov radiaion. The RF power is then fed into a small
diameter dielectric-lined waveguide (stage 11) where less-intendty witness beams can be
accderaed by the greetly enhanced axid eectric fidd. Fed enhancement results both
from a lower group velocity in stage Il than in sage Il (longitudina compression), and
from geometrical effects made possble by the use of the didectric-lined waveguide

(transverse compression).

The efficient wave coupling was aso a mgor enginesring chdlenge in implementing
such step-up transformer, especidly the coupling section of stage |l waveguide that uses
high-didectric-constant ceramic to achieve a smdler group veocity. After the efficient
wave coupling technique was demondrated in the extendly powered traveling-wave
dielectric loaded accderating structure discussed in Chapter 2 and 3, the prototype AWA
step-up transformer that adopted the same coupling technique was congructed in March

2000. The actua two-beam experiment was conducted in May 2000 [36]. The actud
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didlectric wakefidd step-up transformer is shown in Figure 4.5. A directiona coupler was
mounted on the rectangular waveguide connecting two stages to monitor the forwarding
(from gtage I) and reflected (from stage 11) RF power. The geometric parameters of stage |
and dage Il were chosen to satisfy that the phase velocity of TMo; mode is equa to the
poeed of light & 7.8 GHz. This scheme utilizes the superposition of wakefields of multiple
drive beam bunches. Because the drive beam LINAC of the AWA test facility operates a
1.3GHz, the operating frequency of the step-up trandformer should be a harmonic of
1.3GHz to achieve the correct superposition of wakefields whose phases are determined by
the timing of the drive beam bunches. When drive dectron beams pass through the stage |,
the TMo; wave caused by Cerenkov radiaion propagates at the speed of light, and thus has
the center frequency a 7.8 GHz. If drive beams travd dong the axis, the dominant
wakefieddld mode is TMo; mode. Figure 4.6 shows the schematic drawing of the setup of the
two-beam experiment. Figure 4.7 and 4.8 show the experimentd ingadlation of the step-up
trandformer in the beam line.  The layout of two beam lines of the AWA tedt facility &
given in Fgure 49. The didectric sep-up transformer and energy spectrometer are

mounted at the ends of the beam lines.

The spectrum measurement of the forward RF wave is given in Figure 4.10. The
center frequency is a 7.8 GHz. The spectrum of the reverse RF wave is shown in Figure
411. The center frequency of the dominant mode is ill a 7.8 GHz. From such two
figures, we can see the dominant mode in both stage | and stage Il waveguide is TMoz

mode.
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Fgure 4.5 The AWA Didectric Wakefield Step-up Transformer Accelerator



111

Stage |

AWA Drive Linab—v ‘

Forward Pickup

Rever se Pickup

Energy Spectrometer

Stage ||

Witness beam RF gufa@>——

Witness beam with

variable delays /

Figure 4.6 Two Beam Acceleration Experiment Setup of the AWA Didectric Step-up
Transformer
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Figue 47 The Inddlaion of The AWA Didectric Wakefidd Step-up Transformer
Accderator (1)
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Figure 4.8 The Ingalation of The AWA Didectric Wakefidd Step-up Transformer
Accdlerator (I1)
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Figure 4.9 The Layout of The Beam Lines of the AWA Test Facility
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X 10'4 7.8GHz Step-up Transformer Forward Spectrum in Linear Scale
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Figure 4.10 The Spectrum of the Forward RF Wave in Step-up Transformer
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X 10'4 7.8GHz Step-up Transformer Reflected Spectrum in Linear Scale
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Figure4.11 The Spectrum of the Reverse RF Wave in Didectric Step-up Transformer
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The energy spectrum of the witness beam is given in Rgure 4.12. With adjugting the
gynchronization phase, the witness beam can be acceerated, or decelerated. The time
difference between acceeration and decderation is aout a haf cycle of 7.8 GHz TMo1
wave. The important parameters of the step-up transformer are given in Table 4.1. The
maximum energy gain of the witness beam is over 7.5 MeV. Congdeing the coupling
coefficients of two stages and the RF power, in stage |, produced by the drive beams, the
transformer ratio was proven greater than 2, and the experimental results perfectly agreed

with the cdculations.

The efficiency of the coupling technique was dso demondrated in this experiment,
and the accederation of the witness beam in dage Il showed that such coupling

configuration couples mgjor portion of RF power into the TM o1 mode.
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Figure 4.12 The Energy Spectrum Measurement of the Two-beam Acceleration



Table4.1 Important Parameters Of The Didectric Wakefield Step-up Transformer

Accderaion Experiment
Coefficient Vdue
God To demondirate the principle of the dielectric based
two-beam acceleration. And to demonstrate the
eectricfidd gep-up in gagell.
Drive Beam 20-25nC, 1 pulse, 15 MeV

Stage | (driving stage)

Stage Il (accelerating stage)

Measured Gradient
(ingagell)

Measured Transformer Ratio

Fregquency of the TM o1 Mode

Materid: Corderite

Inner radius = 6.00 mm

Outer radius=11.15 mm
Didectric congtant e= 4.6
Wakefidd E; =3 -35MV/m
Length=30.0cm

RF pulselength ~ 3 ns

RF pesk power =4 MW

Materid: E20

Inner radius = 3.00 mm
Outer radius=5.41 mm
Didectric congtant e= 20
Wakefidd E; =8 MV/m
Length=30.0cm
Accderation distance=3cm

7.5MV/m

>2

7.8 GHz

119
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CHAPTER YV

A HYBRID DIELECTRIC-IRIS.LOADED PERIODIC ACCELERATION
STRUCTURE

5.1 Introduction

One of the mgor chalenges confronting future high energy linear accderaors is the
development of high gradient accderating dructures  The most commonly studied
dructure is a conventiond iris-loaded copper structure representing an evolution from those
used a Stanford Linear Collider (SLC) to the proposed Next Linear Collider (NLC) and
possibly CERN Linear Collider (CLIC) [38-40]. However, in dl the iris-loaded structures,
the peak surface dectric field Es can be an important constraint because it is in generd
found to be at least a factor of 2 larger than the axid accderation fidd E, [38-40]. Because
the peak surface dectric fiddd causes éectric breskdown of the dructure, it represents a
direct limitation on the maximum acceleration gradient that can be obtained. If the pesk
surface eectric field exceeds the breskdown limit a the operaing frequency, it can cause
damage to the irises through arcing and detune the structure.  Such phenomena were
observed in the high acceleration gradient testing of NLC-type dructures, with the axid
acceleration gradient up to 50 MV/m [11, 84]. Permanent damage of copper surface
resulted from the breskdown was identified. Thus the high ratio of Esto E, limits the
achievable accderating gradient, assuming the availability of high power RF sources is not
a condraint. This case by far is true for the development of NLC dructures. In this
chapter, we propose a hybrid didectric and iris loaded accderation structure that has a
lower ratio of Esto E,, and comparable shunt impedance per unit length r, and r/Q, to a

conventiond iris-loaded accdlerating structure.  Using this device, EJE, can be reduced to
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about 1, while maintaining reasonably good accderation efficiency as measured by r and
r/Q. The upper limit of the acceerating gradient can be increased, depending on the
dielectric breskdown properties a high fidds, which can be reveded through the high

power experiment proposed in Chapter 3.

The use of uniform didectric-lined circular waveguides as accderating structures has
been discussed in many previous studies [25, 27-29] and in Chapter 2. One digtinct
advantege is that the axid accderating dectric fidd is the maximum fidd in this dass of
dructures. The acceleration mode used here is the TMoi. The group veodity is typicaly
less than 10 percent of the speed of light. Such smdl group veocities can be obtained by
the use of high didectric congtant ceramics, which however have the drawback of an
enhanced surface magnetic field, which results in more power dissipation on the wal. The
result is that the qudity factor Q of a didectric-lined waveguides is degraded compared to
an iris-loaded dructure with the same group velocity. Another disadvantage of accelerating
dructures based on uniform didectric-lined crcular waveguides is that this cass of
structure can support multiple propagating waveguide modes when they are operated in the
TMo; mode. The results given in Chapter 2 and 4 show such property of uniform
didectric-lined circular waveguides. Even though this characteristic can reduce the single
beam ingability, it can aso result in energy losses from mode conversion, and increese the

difficulty to excite the correct waveguide mode at the Sde-coupling irises.

On the contrary, conventiona iris-loaded accderating dtructures have high quality
factor that are dmost constant with respect to different group velocities of the TM; mode.

At the same time, the TMo1 mode is the lowest propagating mode in the iris-loaded



122

accderating structure.  However, its high peak surface dectric field becomes the congraint

of the achievable accderating gradient.

Based on these observations we might consder a hybrid dielectric and iris loaded
structure in order to produce a device which baances between high Q and reduced surface
fidds. This device is shown in Figure 5.1. Cdculations of the properties of a hybrid
traveing-wave accderation sructure a 11.4 GHz as a function of iris Sze and permittivity
of the loading didectric are performed. The results show that it is indeed possble to
ggnificantly reduce the ratio of the pesk surface dectric fidd to the accderding fidd
gradient without subgtantidly diminishing the shunt impedance per unit length r and the

raior/Q.

5.2 Numerical Method

Our cdculations were limited to traveing-wave accelerating structures. The reasons
why travding-wave accderaing structures are preferred were discussed in the previous
chapters.  An iris-loaded periodic structure nay be viewed as an array of pillbox cavities
that are coupled through the irises. Therefore, one way to study a traveling-wave periodic
dructure is to use a numerica code such as SUPERFISH [85] or MAFIA [41], which
provide accurate fields and other eectromagnetic properties of a standing wave structure.
Loew et d. [86] showed that by using RF properties of standing-wave structures, one could
obtain RF properties of the corresponding traveling-wave dructures. This converson will

be briefly outlined in the fallowing.
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Figure 51 Schematic Drawing of a Hybrid Didectric-iris-loaded Periodic Acceleration
Structure.  The function of the diglectric is to reduce the surface dectric fidd at the iris
relative to the axid, accderating fied. In the figure, region | is vacuum; region Il is
ceramic with didectric congtant e; region Il1 is copper. a istheirisradius, b is the outer
radius, and h is the beam hole radius. t is the thickness of the iris and d is the length of
one cel. In this paper, we use a to denote the iris radius for both hybrid dielectric-iris-
loaded structures and pure iris-loaded structures.
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Congder a periodic gructure as shown in Figure 5.1. It is wel known that the axia
dectric fidd E; of the TMo1 mode in the travding-wave periodic structures can be
expressed as

=¥ .
E,rw = & a(r)e!™n? (5.1)

n=-¥
where a, isthe amplitude of the space harmonic of index n,

bnz:boz+% (5.2)
b, is the propagation congtant of the space harmonic of index n, and d is the spatid period

(the length of one cdll). The propagation congtant of such a TM; waveisthe sameasby.

With eectric boundary conditions (E=0) applied a z=0 and z=I (where | =2p /b,),

the axid dectric fidds of the standing waves can be expressed as

St nZ+¥
=e™ q 2a,cosb,z (5.3)
n=-¥
The factor of 2 comes from the summation of two traveling waves of amplitude a,. This

EZ,SN

equation takes the same form for the other field components.

Usng MAFIA, one can cdculate resonant frequencies, stored energies and power
disspation of resonant modes in an aray of cavities. The standing wave fidd components

output by the code can be andyzed as follows to obtain the traveling wave components.

If two traveling waves of the proper phase can add up to a standing wave (Equation

5.3), there must conversely be two appropriately phased standing waves that add up to a
traveling wave. Assuming the first standing wave is A, and the second standing wave B

is obtained by shifing A to theleft by d, then
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4y

B=e"§ 2a,cosb,(z+d)

¥

L (54)

A=eMq 2a,cosh,z
¥

+

Both of these standing waves are made up of one traveling wave going left and one going
right. It is possible to add them with the proper phases to have the traveling waves going

left cancded and those going right added. Thus, we can obtain the traveling wave field

component in such gructure.  This can be achieved by multiplying A by e!®®?/2 gnd B

by ejp/2
B = el 5 2 b (z+d)=e"™ g - ibn(z+d) 4 qiba(z+d)
=e'"q 2a,cosb,(z+d)=¢e""q a,(e e )
-¥ -¥
¥ i 53)
- o b, -
A=e"q 2a,cosb,z=e™q a,(e'™* +e'™?)
- ¥ -¥
+¥
Bejp/Z :eJMeJDIZé an(e- jbo(z+d) +e]bn(z+d))
¥ (5.6)

ﬁei(bod'plz) = ethej(bOd-pIZ)g. a (e‘ jb,.,Z +ejbnz)
-¥
b,z=b,z+2pnz/d
b,d=Db,d+2pn
Subgtituting Equation 5.7 into Equation 5.6, we have

(5.7)
+¥

éeijZ — ejwté a (jejbnzejbod + je‘ jbnze- jbod)
Y (5.8)

ﬁei(bod'plz) = eJWté a (_ jejbnzejbod - je’jbnzejbod)

-¥
Adding up the two equationsin (5.8), we have
+¥

BelP/2 + Ael(Pod-P/2) = 5gp bodé a,e! Wt bn?) (5.9)

¥

The amplitude and phase of the fiedld components of traveling waves can be obtained by the

following equations
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_ A% +B?- 2ABcosbd

2
[Tw|” = 3
49n“byd (5.10)
_ B- Acosbyd
tang(2) = ————
Asn byd

where A and B arefunctions of z

Thus the fidd solutions of a travding-wave periodic accelerating structure can be
obtained usng the converson given in Equation 5.10. Such converson is gpplicable to dl
fiedld components if the corresponding standing-wave dsructure has dectric  boundary

conditions E=0) applied a& z=0 and z=| (where | =2p /b,). The RF properties of the

traveling-wave periodic accelerator, such as group velocity and shunt impedance, can

subsequently be calculated.

The method to compute the RF properties of traveling-wave accderaing structures
has been vigted in Chapter 2. Here a different method will be used to caculate the shunt
impedance of such sructure. Because the fidd solutions of the standing-wave structure are
dready known, it will be easer to compute the shunt impedance of the sanding-wave
dructure, and then derive that of the traveling-wave dructure.  The concept of such

computation will be visted in the following.

As described earlier, the shunt impedance, a figure of merit that is independent of the
excitation level of the cavity and measures the effectiveness of producing an axid voltage
V, for agiven power dissipated, is defined by [87]

2

r=V°
° P

diss

(5.11)

where Py isthe power disspated in the wall.
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In an accderating sructure we are redly more interesed in maximizing the paticle

energy gain per unit power disspation. The energy gain of an arbitrary particle with charge
g traveling through the ggp on axis of a standing-wave cavity is

DW = q(‘)LL’fz E(0, 2) cosft (2) +f Jdz (5.12)

For the given accderating gap with a length of L, and the dectric fidd on the axis
experienced by this particle with velocity v is

E,(r = 0,2t) = E(0,2) cogwt (z) +f | (5.13)
where t(2z) = @Zdz/v(z) Is the time when the particle is a podtion z At t=0, the phase of

thefidd rdativeto the crestisf .
The use of acommon trigonometric identity alows us to write the energy gain as

€L/2 . .
DW = qOL/zE(O’ z)[cosvvt cosf - snwtanf ]dz

(5.14)
DW = VT cosf
where Vy isan axid RF voltage, defined by
Vo © 3% E(0, 2)dz (5.15)
0" Q=" '
The trangt-time factor T is defined by
5, E(0.2)cost(2)d 3 E(0.2)snwi(2)d
, Z) coswt(z)dz ,Z)sin wt(z)dz
To Oz — - tanf Qe S (5.16)
0., E(0,2)dz 0., E(0, 2)dz

The phase f =0 if the particle arrives a the origin when the fidd is a a cret. It is negative
if the paticle arives a the origin ealier than the crest, and podgtive if it arives later.
Maximum energy gain occurs when f =0, which is often the choice for raivigic dectrons.

The phase and the trangt-time factor depend on the choice of the origin. It is convenient to
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amplify the trangt-time factor, and remove its dependence on the phase, by choosing the

origin a the dectrical center. E(2) is usudly approximatey an even function about a

geometric center of the gap. We will choose the origin at the dectricd center of the gap,
then

O-‘L/ZEO inwt(z)d 5.17

=Q,,,E0.2snwt(2)dz (5.17)

When E(2) is an even function about the geometric center of the gap, the dectrical center

and the geometric center coincide. The trangit-time factor amplifiesto

L/2
OL/Z E(0, ) coswt (z)dz

To (5.18)

L2 £(0.2d
,Z)dz

0,502
The trangt-time factor expresson in this equation is the average of the cosne factor

weighted by the fidd. The trangt-time factor increases when the field is more concentrated
longitudinaly near the origin, where the cosine factor is largest. In mogt practical cases the
change of particle velocity in the gap is smal compared to the initid veocity. If we ignore

the velocity change, we have

Wt » — = 202 (5.19)
where b=v/c and bl is the digance the paticle travels in an RF period. Then, the

amplified form of the trangt-time factor most often used is defined by

652 E(0,2) cos(2pz/bl )dz

L/2
q/zE(O, 2)dz
The average axid dectric-fidd amplitude is defined by Eo=Vo/L, where Vy is the voltage

To (5.20)

gain that would be experienced by a particle passing a congtant dc field equa to the field in
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the gap a time t=0. The effective accderation gradient is the quantity EqT. Interms of Eo,
the energy gain can be expressed by the Panofsky equation [88] as

DW = gE,T cosf L (5.21)
The phydcs contained within the trandt-time factor is that the energy gain of a paticle in a

hamonicdly time-varying fidd is dways less than the energy gain in a condant dc fied
equa to that seen by the paticle at the center of the gap. The trangt-time factor T is the
ratio of the energy gained in the time-varying RF fidd to tha in a dc fidd of voltage

Vocosf .

From the above, it is clear that the peak energy gain of a particle occurs when f =0 and

isDWi=o=gVoT. The €effective shunt impedance of a cavity is defined by

W, o 6 V.T)?
r¢:g =02 1 _ () =rT? (5.22)

q 7] I:)diss I:)di:ss
This parameter measures the effectiveness per unit power loss for ddivering energy to a

particle. For a given fidd, both Vo=EoL and P increase linearly with cavity length, as do
both rcand r,. For long cavities we often use a figure of merit that is independent of both

the fiddld magnitude and the cavity length. Thus the shunt impedance per unit length Z is

expressed as
2
ofs - _Eo (5.23)
L P,/L
Similarly, the effective shunt impedance per unit length ZT? is
7720 L = (BT) (5.24)
L P,/L

Z and ZT? ae usudly tens of megohms per meter. One of the man objectives in

accdlerating cavity dedgn is to choose the geometry to maximize effective shunt
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impedance per unit length. This is equivdent to maximizing the energy gain in a given

length for a given power loss.

The shunt impedance per unit length r of the traveling-wave acceerating structure can
obtained from the effective shunt impedance per unit length of the corresponding standing-

wave sructure by the following equation [89]

2(E,T)*
P/ L

Usng the method described in this section, one can obtain the fiddd solutions and the

r=27T20° (5.25)

accelerator properties of a traveling-wave hybrid didectric-iris-loaded periodic acceleration

dtructure.

5.3 Numerical Resultsand Analysis

In this chapter, we specidize our investigation to consder only the 2/3 mode of the
propagated wave, whose wavelength | is equd to the totd length of 3 cdls when the phase
velocity is the speed of light as required for the accderation of ultra-reatividic particles.
The reason of choosing 2p/3 mode for traveing-wave accelerating structures is that it has
the maximum shunt impedance per unit length. First, we cdculated a resonator with 3 cells
(with éectric boundaries E=0 at z=0 and z=| ) usng MAFIA. The fidd solutions and mesh
coordinates were output to ASCII data files. A post-processing program was written to
extract the fidd solutions and mesh information of the standing wave solution, and then
cary out the converson from danding-wave solutions to traveling-wave solutions using

the method outlined in previous section.
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Figures 5.2 and 5.3 show the MAFIA smulation results for the éectric fied pattern of
the 2p/3 mode in an iris-loaded structure and a hybrid dielectric-iris-loaded structure,
respectively. Because of the axid symmetry, only the upper hdf pat of the longitudina

cross-section is plotted.

The conversgon of standing waves to traveling waves according to Equation 5.10 was
caried out. Figure 54 shows the amplitude and phase of the axia dectric fiedd of the
reulting travding wave in a hybrid didectric-ins-loaded dructure (with a=55 mm,
b=6.923 mm, and h= 4 mm). Other fidd components can be obtained through a smilar
procedure. These results show the characteristics of the fiedld components in the periodic

acceerating structure.

531 Calculation of Pure Iris-loaded Traveling-wave Structures. The
corresponding traveling wave parameters of Figure 5.2 structure were caculated and given
below in Table 5.1. In a pure iris-loaded structure, the group \docity of the TMo; wave
and shunt impedance per unit length are determined by the radius of the irises. At the same
time, the outer radius of the cylinder has to be adjusted to maintain the phase veocity of the
TMo1 wave synchronized with the beam velocity c. Thus the iris radius is the governing
geometric parameter for the RF properties of a pure iris-loaded accelerating Structure.  For
the dructure with iris radius a=5.6 mm, resulting in a group veocity of 0.088c. The shunt
impedance per unit length r is 75 MW/m, and the qudity factor Q is 7251. The RF
properties of the cdculated pure iris-loaded sructure are Smilar to those of the typicd

NLC structures [39].
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Figure 52 Electric Fed Patern of the 2p/3 Mode in an Iris-loaded Accderation
Structure.  The iris radius a=5.6 mm, the iris thickness t=1.0 mm, and outer radius b=
11.1254 mm. Here EJE =2.4.



133

Q5T

Figure 53 Electric Field Pattern of the 2p/3 Mode in a Hybrid Didectric-ins-loaded
Accderation Structure. The e=6, a= 4.0 mm, b= 5.361 mm, and the beam hole radius
h=2.0mm. EJE;=1.01.
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Figure 54 Amplitude and Phase Plots of E; a r=0 in a Hybrid Didectric-iris-loaded
Travding-wave Structure. The geometric parameters of this dructure are given in
Figure 5.3.
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Table5.1 11.424 GHz Iris-loaded Traveing-wave Structure

a(mm) b(m) tmm) d(mm) EJE, rMWm) Q rQ(Wim) Vg (©)
56021 111254 10 87535 24 756 7251 10343 0.088

The contour plot and surface plot of the distribution of eectric fidd amplitude are
shown in Figure 55. We can easlly identify that the peak surface dectric field occurs a the

edge of theiris, and EJE, is about 2.4.

532  Calculation on the Hybrid Dieectric-lris-Loaded Traveling-wave
Structures.  Unlike the iris-loaded structure, the group velocity and shunt impedance per
unit length r of accderation TMo1 mode in a hybrid didectric-iris-loaded structure is not
only the function of beam gperture radius, but aso the iris radius and the didectric
congant. For a given group veocity, the outer radius of the cylinder b is determined to
synchronize the phase velocity with the beam veocity. In this section, we describe a sdif-
condgtent caculation of hybrid structures with a fixed iris radius and a range of dielectric

congtant e, and aso varying the beam hole radius.

To illugrate our point, we have chosen e=6 as our firsd example. Figure 5.6 shows
the ratio EJE, as the function of beam agperture radius. Its vaue ranges from 0.8 to 1.5,
gonificantly lower than the iris-loaded structure case described in Figure 5.2. Figure 5.7
shows the effect of the beam hole radius on the group velocity of the TMo; mode for the
same dructure parameters.  In order to have a fair comparison for al the parameters
dudied here, we have chosen the group veocity to be nearly the same as in the pure iris
loaded case. Table 5.2 gives the geometric parameters and RF properties of a hybrid

dructures for two different beam agperture sizes. The first case, with beam aperture radius
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Contour and Surface plots of Electric Field Ampitude
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Figure 55 The Contour Plot and Corresponding Surface Plot Showing the Distribution
of Electric FHdd Amplitudes in an lIris-loaded Travding-wave Structure.  The
geometric parameters of this Structure are given in Figure 5.2. In both contour plot and
surface plot, the dark red indicates the strongest field amplitude. We observe that the
strongest electric fidd occurs at the edge of theiris. Inthis case, EJE, is about 2.4.
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Beam Hole Radius vs. Es/Ea
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Figue 56 Beam Apeture Radius h vs. EJE; in a Hybrid Didectric-iris-loaded
Structure. Here e=6, and the iris radius a is fixed as 40 mm. The wavdength | is
equa to the totd length of 3 cdls and is 26.2605 mm. In dl cdculations, the iris
thickness t is fixed as 1.0 mm. The outer radius b is adjusted accordingly to have the
phase velocity of TMo; mode equd to c.
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Beam Hole Radius vs. Group Velocity
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| isthe wavelength
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Figure 5.7 Beam Apeture Radius vs. Group Vdocity of the TMp; mode in a Hybrid
Didectric-iris-loaded Structure with Geometry asin Figure 5.6
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of 4 mm and iris radius of 55 mm, gives a shunt impedance of 38 MW/m with Q=4506.
One could decrease the beam hole to increase the shunt impedance and Q as shown in the
second case of Table 5.2. The ratio EJ/E;=1.01 is obtained. For a beam aperture radius =
2 mm and adjugting the other parameters accordingly, we obtain r = 66MWm, dightly
lower than that of the iris-loaded structure liged in Table 5.1. At the same time, the
qudity factor Q =4899 is about 30% lower than the iris loaded case, due to the increased
surface magnetic fidds. However, the accderdion efficiency measured by r/Q is dso
improved by 30% and EJEa»1. Figure 5.8 shows the contour plot and surface plot of
eectric fidd digribution in the hybrid structure given in Table 5.2. It shows that the peak
surface dectric fidd is reduced to the same magnitude as the pesk axid eectric fidd.
Therefore, hybrid didectric-iris-loaded structures reduce the pesk surface dectric fidd
with comparable r/Q as the iris-loaded structures. However, one should notice that the
contact between the irises and the didectric must be as close as possble One might
expect that if there is a large gap exising between a metdlic iris and diglectric resulting
from fabrication, and then the dectric fidds on the irises could be enhanced. From
quditative andyss, the surface dectric fidd at the iris will go up, as the gap increases.
Detal dudy of this effect should be invesigated in the future, and dso other enginesring

issues should be addressed.

Table5.2 11.424GHz Hybrid Didectric-iris-loaded Traveing-wave Structures

(e=6, t=1.0 mm)
a(mm) b(mm) h(@mm) d(mm) EJE, rMWm) Q r/Q (W/m) Vg (©)
55 6.923 40 87535 11 380 4506.0 84332 0.089

4.0 5361 20 8.7535 101 66.8 489%0.0 136354 0.087
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Figure 58 Contour and Surface Plots Showing the Didribution of the Electric Field
Amplitude in a Hybrid Didectric-iris-loaded Travding-wave Structure. The
parameters of this structure are given in Figure 5.3. In both plots, the dark red indicates
the drongest fild amplitude. We can see the srongest dectric fidd on the iris surface
is about the same as the axia dectric fidd inthiscase EJE; isabout 1.01.
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Although we could lower the EJE, by introducing didectric loading into the
dructure, we have to encounter another unknown problem: didlectric breakdown under
high frequency RF fidds The didectric breskdown limit becomes the condraint of the
maximum achieveble accderating gradient ingead of the surface breskdown limit of
copper in pure iris-loaded sructures. Didectric breskdown a various frequencies has
been dudied in wakefidd accderation experiments [90], and showed no dgn of
breskdown up to 20 MV/m a 15 GHz. Besdes didectric breskdown limit, other mostly
unknown factors, such as Joule heating and vacuum properties of didectric loaded
gructures under high RF power, should dso be weighed in to evaduate this type of hybrid
didectric-iris-loaded structure.  With a recently proposed experiment [15], breakdown
phenomena can be explored a 50 - 70 MV/m fidd drengths, approaching the NLC
desred gradient. ~ Moreover, Joule heating and vacuum properties will aso be
invesigated.  If didectrics can mantan these fidd gradients, then the scheme we
andyzed in the paper would provide an dternate approach that lowers the pesk field on
the iris by more than a factor of two. This may be an important factor for redizing

acceerating structures for very high gradient accelerators.

Figure 5.9 shows the contour plot and surface plot of eectric fidd digtribution of the
first hybrid structure given in Table 5.2. In this case, the shunt impedance per unit is a little
sndler and EJE, isaout 1.1. The reason to investigate the case with a larger beam hole is
that the beam dynamics puts condraints to choose the beam hole sze. This cdculation
shows that a hybrid Sructure is capable of smultaneoudy satisfying the requirements on

EJEa and beam dability. Nevertheess, this is hard to be achieved in a conventiond iris-
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Figure 59 Contour and Surface Plots Showing the Didribution of the Electric Field
Amplitude in a Hybrid Didectric-iris-loaded Traveling-wave Structure. The parameters
of this dtructure are given in the firs case of Table 22. In both plots, the dark red
indicates the srongest fidd amplitude. We can see the strongest eectric fiedd on the iris
surface is about the same asthe axid dectric fidd in thiscase: EJE, isabout 1.1.
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loaded accelerating structure, because the iris radius is the only variable to determine such

two conflicting parameters.

The variaion of shunt impedance per unit length r, r/Q and the qudity factor Q as the
functions of the beam hole radius are shown in Figure 5.10. For fixed iris radius and
didectric condant, a sndler beam hole radius is prefered for achieving higher

accelerdtion efficiency and less power dissipation on thewall.

The overdl optimization of the parameters is complicated because we have to consider
three variables e, a and b. The iris thickness, t, and the beam aperture radius are assumed
fixed for the following caculation. The beam aperture radius was chosen as 0.151 or 4
mm. Figure 5.11 shows iris radius versus group velocity for severa dielectric congtants.
The results indicate the group velocity is mosly determined by the Sze of iris not e.
Figure 5.12 and 5.13 show r and Q asafunction of a and e. A higher dielectric congant e
gives a lower qudity factor Q. Therefore, the optimal e for this sructure is in the range of

410 6.

The variaion of the ratio of the pesk surface dectric fied to the pesk acceeraing
gradient in these cases is shown in Figure 5.14. As shown, a high e can reduce the ratio
EJEa donificantly as expected. The r/Q plots are given n Figure 5.15. If the didectric
congtant is chosen between 4 and 6 for the given geometric parameters, r/Q can be

maintained a relaively high condant value,

The andyss of hybrid dielectric-loaded periodic acceerating structures shows that the

peak surface dectric fidld can be reduced to levels comparable to the axid acceleraing
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Beam Hole Radiusvs. r, Q, and r/Q
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Figure 510 Shunt Impedance, the Ratio r/Q, and the Quality Factor of a Hybrid
Didectric-iris-loaded Structure as Functions of the Beam Aperture Radius h. Device
geometry isthe same asin Figure 5.6.
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Iris Radius vs. Group Velocity
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Figure 511 Iris Radius a vs. the Group Veocity vy of the 2p/3 Mode in the Hybrid
Didectric-iris-loaded Structure, When the Beam Aperture Radius h is Fixed as 4.0 mm,
and the Wavdength | is 26.2605 mm. Vaying the didectric congant of the loading
ceramics e and iris radius a, the outer radius b is adjusted accordingly to have the phase
veloaity of TM o1 mode synchronized with the speed of light c.
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Iris Radius vs. Shunt Impedance
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Figure 512 The Shunt Impedance Per Unit Length r of the 2p/3 Lumind Mode in a
Hybrid Didectric-iris-loaded Structure as a Function of the Iris Radius a and the
Dielectric Congant e. In this case, the beam hole radius h is fixed as 4.0 mm, and the
wavdength | is 26.2605 mm.
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Iris Radiusvs. Q
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Figure 5.13 The Quality Factor Q of the 2p/3 Lumina Mode as a Function of the Iris
Radius a and the Didectric Congtant e in the Hybrid Didectric-iris-loaded Structure.

In this case, the beam agperture radius h isfixed as 4.0 mm, and thewavelength | is
26.2605 mm.
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Iris Radiusvs. E4/E4
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Figure 5.14 Theratio EJE, of the Lumind 2p/3 Mode as a Function of the Iris Radius a
and the Didectric Congtant e in the Hybrid Didectric-iris-loaded Structure. All other
Sructure parameters are the same asiin previous figures.
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Iris Radiusvs. r/Q
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Figure 5.15 Theratio r/Q of the 20/3 Mode as a Function of the Iris Radius a and the
Didectric Congtant e in the Hybrid Didectric-iris-loaded Structure
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fidd gradient, while the accderation efficiency measures, such as r, r/Q and Q, are
comparable to conventiond iris-loaded acceerating structures.  Therefore, such hybrid
didectric-iris-loaded sructures can Sgnificantly incresse the upper limit of the accelerating
gradient. Such improvement of the ratio EJE, is achieved a the expense of more power

disspation.

If the desgned E; is large, the totd length of the designed accelerator can be small.
Thus it will lead to a lower capitd cost that scaes in proportion to the length of the
accelerator [91]. At the same time, E, cannot be too large, snce it will push the RF power
costs too high. However, in the devdlopment of NLC dructures, the problem is that the
expected E, is too large for reliable operation for the avalable RF power [11]. Using the
proposed hybrid dielectric-ins-loaded accderating structure, we may be able to achieve the
desred accderating gradient of NLC sructures, with the current available RF sources.
Because the pesk surface dectric fidd is sgnificantly reduced, higher accelerating gradient

may be achieved.

The andysis of hybrid dielectric-loaded periodic accelerating structures shows that the
peek surface dectric field can be reduced to levels comparable to the axiad acceeraing
fild gradient. However, this scheme adso reduces the acceeration efficiency measures
such as r and Q, dthough r/Q can be comparable to conventiona iris-loaded structures.
Although the numericd examples of X-band structures are only presented here, we expect
that this scheme of reducing ratio of Esto Ej in a conventiond iris-loaded structure at any
frequency band can be used by employing patidly loaded didectrics. The fundamenta

issues about using didectric loaded dructure for particle acceeration, such as didectric
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breakdown, Joule heating and vacuum property, determine if hybrid didectric-iris-loaded
periodic structures can be the dternatives for future linear collider acceeration Structures.
The experimentd investigations on these issues are underway, and the advancement in

materia science also makesthis class of sructures very promising.
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CHAPTER VI
CONCLUSIONS

The advancement of affordable high gradient accelerator technology is essentid to the
redization of the next-generation linear collider with a center-of-mass energy of 0.5 TeV.
To achieve this energy under feasble condruction cost, severd widdy different designs
have been proposed for the main acceerator, ranging from a 1.3-GHz superconducting
linac to a 30-GHz two-beam accderator.  Within the ongoing R&D projects in Japan,
Europe, and the United States, the TESLA and the 11.4-GHz NLC/JLC desgn are
currently among the strongest contenders.  However, the future success of TESLA will be
highly dependent on the advancement of the technology of superconducting cavity, which
is by far immature. The cogt is ds0 one of the key condraints that determine the feasibility
of such design. The NLC/JLC gructures have not reached the desired acceleration gradient
without arcing damages caused by the drong surface dectric fidd that is an intrindc
characteridic of pure iris-loaded accderating structures. Moreover, the fabrication cost of
such X-band structures has not been reduced to a considerable level. Because the ongoing
maor designs have not demondrated the necessary breskthrough toward the find
redization of a next-generation linear collider for more than a decade, new approaches
should be looked into. Therefore, didectric based acceerating dructures have been

recognized as possible aternatives for the mgor designs that were described in Chapter 1.

The advantages of dielectric loaded accderating dructures are very atractive.  The
thorough studies of two classes of dielectric loaded structures described in this thess show

that the accelerator parameters of them are comparable, or even better in some aspects, with
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those of conventiond iris-loaded accelerator. Structures based on didectric-lined circular
waveguides are cgpable of achieving higher shunt impedance that merits the acceleration
effidency than iris-loaded structures, but it is a the expense of a lower qudity factor. The
hybrid didectric-iris-loaded accelerating structure discussed in Chapter 5 demonstrates a
possible way to combine advantages of didectric-loaded structures and metdlic iris-loaded
dructures. The mogt sgnificant advantage of such dructure is the capability of lowering
the pesk surface dectric fidd without diminishing the accderation efficiency.  Although it
is not a dl certain that this gpproach will be the eventud choice to solve the breakdown

problem of the NLC/JLC gtructures, it provides one possible solution.

However, the fundamenta concerns about using didectric loaded structures in particle
accderation have not been answered. Didectric breskdown limit is the first of them.
Because the dectric breskdown of the conducting wal is not a condraint in a didectric
loaded accderating dructure, the maximum achievable accderdting gradient may be
limited by the didectric breskdown. Joule heating of didectric loaded structure under high
power RF power pulses is dso an unknown factor. High RF power experiments are
necessary to invedtigate these issues.  An externdly powered X-band dielectric loaded
accderating structure was designed and redized to conduct such high power testing. The

planned experiments will eventualy answer the fundamenta questions.

The implementation of the didectric-loaded accelerator prototype produced a crucia
technique to achieve the efficdent wave coupling tha was a big hurdle for redizing
didectric based accelerators such as the AWA gep-up transformer acceerator.  The

cdculations of such coupling dructure can be improved by specidly desgned



154

eectromagnetic fidd solving code based on the FDTD method. Patidly filled high-
didectric-constant material and tapered geometry caused the errors in the results obtained
with commercia field solving codes such as MAHA. It is important to study the coupling
dructure in the further studies, because it can in-depth reved the mode excitation of such

coupling method, and it is useful to the design of smilar didectric loaded accdlerators.

One disadvantage of a didectric-lined circular waveguide based accelerating structure
is that it supports multiple propagating waveguide modes & the operating frequency. Mode
converson is consequently one cause of energy losses and induced deflecting modes in
such gtructure, but it has not been discussed. The extent of the effect from this factor in

acceleration performance need be studied.

The discusson on the hybrid didectric-iris-loaded accderating structure did not
include the sudy of the interaction between particle beams and such dructure.  The
longitudind and transverse wakefidds induced by particle beams traverang the hybrid
didectric-iris-loaded structure must be studied. Such knowledge is necessary in accelerator
design in term of beam dability. Furthermore, it may lead to a new wakefield accderating

structure based on such hybrid structure.

The experimentd and theoreticd dudies in this thess result in useful knowledge in
implementing a didectric-lined circular waveguide based acceerating structure and a nove
hybrid didectric-iris-loaded dructure.  The high RF power experiment on the testing
didectric accderating structure may amswer the fundamenta question as to whether it is

feasible to redize a high-energy accelerator.
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Congdering the higory of the evolution of low loss didectric materids, and the
divergty of such maerids, it is reasonable to believe that didectric loaded accelerating
dructures are the promisng candidaies for a next-generation linear collider. More
importantly, the <udies of didectric loaded accderating dtructures provide a new

perspective to seek afeasble accderator technology for next-generation linear colliders.
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