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Introduction

The investigation of new accelerating structures and high frequency, high brightness
coherent radiation sources is an important research area in modern accelerator physics [1-

7]. High brightness and high intensity radiation in THz region opens new opportunities for

researches in a wide range of areas [8-14]. European XFEL, SwissFEL accelerators are

constructed to obtain this kind of radiation [15, 16]. To emit the THz radiation, one needs to

generate ultrashort, intensive bunches [16-25]. When lengths of microbunches become

smaller than the synchronous mode wavelength (o, < 4), a large number of electrons

starts to radiate coherently and the intensity of the radiation field grows quadratically with

the number of particles [26-28].

The direct generation of sub-ps bunches in RF guns is limited because of technical
characteristics of photocathodes and lasers. Because of that reason, sub-ps bunches are
usually formed by shortening the initial long bunches [29-31]. One of the main principles to
obtain ultrashort bunches is to use SASE process [32, 33], which is widely used in modern
accelerators (FELSs) [15, 16]. Also it is possible to use additional external laser field to have
a stronger microbunching [34-36]. The main principle of generating ultrashort bunches is to
obtain energy modulation within the bunch and convert it into charge density modulation
[22, 31, 37-39]. For the high energy bunches magnetic chicanes and for low energy ones
velocity bunching is used to generate sub-ps bunches [40-45]. Energy modulation within
the bunch can be obtained via bunch interaction with its own radiated wakefield or by the
field emitted from bunches in front of it. For such a process disc loaded or dielectric loaded
structures are widely used [46-51]. Both structure types are characterized by the high
order modes, excited during the beam passage through them [51-62]. These high order

modes play a parasitic role in particle acceleration processes.

Unlike disc and dielectric loaded structures, in the single mode structures like
plasma and circular waveguide with two-layer metallic walls (ICMT — internally coated
metallic tube) there are no parasitic high order modes [63-67]. In the dissertation the

microbunching processes are studied in single mode structure.
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It is theoretically shown that ICMT has a single slowly propagating high frequency
mode [66]. In case of structure appropriate geometry, a charged particle moving along the
structure axis radiates in the terahertz frequency region. While the theoretical study of
ICMT shows that for certain conditions it is a single-mode structure, the experiment on it is
related to some technical difficulties. To serve as a high frequency single-mode structure,

ICMT requires high accuracy, pm — sub-pm low conductivity internal coating, and an inner
diameter in the order of several mm [66], which is technically a complex problem. Because

of these problems, it is preferable to do an experiment on a structure which is similar to
ICMT and is more simple in mechanical means. As such a multilayer flat metallic structure
is considered. For appropriate parameters these two structures are similar, and it is

expected that two-layer flat structure should be single-mode, high frequency too.

The thesis consists of introduction, four chapters, summary and bibliography.
In introduction a short review on the actuality of problems and the main results of the

thesis are given.

The first chapter of the dissertation is devoted to the study of slow waves in
laminated structures. The study of high frequency accelerating structures is an important
issue for the development of future compact accelerator concepts [68-70]. The laminated
structures are widely used in advanced accelerators to meet the technical specifications
like high vacuum performance, cure of static charge, reduction of the impedance, etc. [53].
The electrodynamic properties of two-layer structures, based on field matching technique,
have been studied in Refs. [71-74]. For the internally coated metallic tube (ICMT), with
coating thickness smaller than the skin depth, the longitudinal impedance has a narrow

band resonance at high frequency [74], which is conditioned by the synchronous TMg,
fundamental mode [75]. In the first chapter, the peculiarities of high frequency TM,, mode,

slowly propagating in ICMT structure, is analyzed both numerically and analytically. The

TM modes dispersion curves and the TMy mode attenuation constant are given.

Dispersion relations of flat two-layer structure are investigated. The longitudinal impedance

and the radiation patterns for large aperture ICMT structures are discussed.

The main results of the first chapter are
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e The single slow propagating mode properties in laminated structures are
studied. It is shown that two-layer cylindrical structure has single slowly traveling

mode (TM,,) in THz frequency range.
e Explicit expression for attenuation constant of two-layer structure’s TMy, mode

is obtained.

e Dispersion relations of flat two-layer structure are derived.

The second chapter of the thesis is devoted to study of electrodynamic properties
of multilayer two infinite metallic parallel plates. A bunch traveling through the structure
excites wakefields [52-54, 76-79]. The longitudinal component of the wakefield produces
extra voltage for the trailing particles in the bunch [80-83]. The Fourier transformation of
wake potential for a point driving charge is the impedance of the structure, which presents
the excited electromagnetic field in frequency domain [52, 53]. For ultrarelativistic particles,
the impedance is independent of the beam parameters and can describe a structure in

frequency domain.

The field matching technique, based on matching the tangential components of the
electromagnetic fields at the borders of layers, is used to calculate electromagnetic fields.
Matrix formalism is developed to couple electromagnetic field tangential components in
two borders of layers. Fourier transformed electromagnetic fields, excited by a relativistic
point charge, are obtained analytically for two-layer unbounded two parallel infinite plates.
As a special case, electromagnetic fields of single-layer unbounded and two-layer
structures with perfectly conducting outer layers are obtained. The longitudinal impedance
of two-layer structure with outer perfectly conducting layer, excited by an ultrarelativistic
particle, is calculated numerically. It is shown that for low conductivity inner layer the

driving particle radiation has a narrow-band resonance. The resonance frequency is well

—
described by the formula f,.. = iw'li’ where a is the half-height of the structure, d is the

-
=T

layer thickness and ¢ is the velocity of light in vacuum. The longitudinal wake potential is

calculated, and it is shown that it is a quasi-periodic function with the period As given by

the resonant frequency As = f': .
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The main results of the second chapter are:

e A method of calculating point charge excited electromagnetic fields in multilayer
infinite parallel plates is developed.

e Expressions of radiation fields in two-layer parallel plates are analytically derived.

e Longitudinal impedance and dispersion relations of symmetrical two-layer
parallel plates with perfectly conducting outer layer are derived.

e A comparison of the electro-dynamic properties of two-layer parallel plates and
of ICMT is performed.

e Conditions in which the point charge radiation in two-layer parallel plates has a
narrow-band resonance are obtained.

e Wakefields generated by a point charge traveling through the center of the two-

layer parallel plates, with outer perfectly conducting material, are calculated.

In the third chapter a theoretical study of rectangular cavity with laminated walls
and comparison with the experimental results are presented. In the second chapter it is
shown that for appropriate parameters two-layer parallel infinite plates have a distinct,
narrow band resonance. In this chapter, a real, limited structure, which is similar to the
parallel plates, is studied. As such a structure, a rectangular cavity with laminated
horizontal walls is considered. For the cavity, with vertical dimensions much bigger than
horizontals ones, the electrodynamic characteristics are expected to be similar to the ones
for parallel plates. In the case of a resonator, unlike the parallel plates, one has a discrete
set of eigenfrequencies in all three degrees of freedom. To be able to distinguish the main
resonance from the secondary ones, a finite wall resonator model (perfectly conducting
rectangular cavity with inner low conductivity layers at the top and bottom walls) is

developed and resonances of the model are studied.

A comparison of resonant frequencies of a resonator model with resonances of the
test copper cavity, with inner germanium layers and parallel two-layer plates, is done. A

good agreement between these results is obtained (Af/f... < 0.03). The experimental

results show the presence of fundamental resonance which is caused by the two-layer

horizontal cavity walls. The measured fundamental frequencies are close to those
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calculated for the two-layer parallel plates, their values are subjected to the laws specific to

this kind of structures: they are decreasing with cavity height increase.

The main results of the third chapter are:

e The resonance properties of a copper rectangular resonator and a copper
resonator with an internal germanium coating are experimentally investigated
and theoretically substantiated.

e A theoretical model of a rectangular cavity with horizontal laminated walls is
created and electro-dynamical properties of it are studied.

e A good correlation between resonance frequencies of the model and test facility
is fixed: all resonances of the test structure correspond to the modes of the
model.

e It is shown that for a resonator, with vertical dimensions much bigger than
horizontal ones, the resonance frequencies are in a good agreement with

resonances of two-layer infinite parallel plates.

The forth chapter of the dissertation is devoted to the generation of sub-ps bunches
via bunch compression and microbunching processes in single-mode structures.
Wakefields, generated by an electron bunch propagating through a structure, act back on
the bunch particles or on the ones traveling behind it, producing energy modulation or
transverse kick [52-54, 84-86]. In case of appropriate parameters, this process can lead to
energy modulation within the bunch, which then can be transformed into a charge density

modulation. For non-ultrarelativistic (10 Mel') electron bunches, the energy modulation

causes velocity modulation, which leads to bunch compression or microbunching at proper

ballistic distances.

Single-mode structures, due to the absence of high order parasitic modes, are
ideal candidates for this process. The plasma channel and internally coated metallic tube
are observed as an example of single-mode structures. The method of ballistic bunching is
used: the bunch is considered rigid in a structure and only energy modulations occur, then

in the drift space the energy modulation leads to charge redistribution.

The main results of the forth chapter are:
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e |t is shown that the Gaussian distributed bunch interaction with a single-mode
structure leads to its compression. For appropriate bunch and structure
parameters a bunch compression for 8 and 12 times for plasma and ICMT is
reached, respectively.

e It is shown that the microbunching of non-Gaussian bunches is possible in

single-mode structures. For parabolic distributed bunches 20 um and 3 um
microbunches and for rectangular distributed bunches 40 um and 8 um

microbunches can be formed for plasma and ICMT, respectively.
e The relations among the bunch length, structure parameters and microbunch
formation distance are analyzed for various bunch shapes. The optimal

parameters for structures and drift space distances are obtained.

The main results of the dissertation are the following:

e The single slowly propagating mode properties in laminated structures are
studied.

e The electromagnetic fields of multilayer parallel plates are analytically derived.

e Dispersion relations of two-layer parallel plates are derived and single
resonance frequency is obtained.

e The narrow-band high frequency longitudinal impedance and longitudinal wake
function of two-layer parallel plates are calculated.

e Resonance frequencies of rectangular cavity with horizontal double-layer
metallic walls are derived.

e A good agreement between the theoretical results and experiment is fixed.

e It is shown that the generation of ultrashort bunches (~10 pm) in single-mode

structures is possible via ballistic bunching.

The study results have been reported at international conferences, during the

seminars at CANDLE Synchrotron Research Institute, Yerevan State University, DESY,

Paul

Scherrer Institute and are published in scientific journals [75, 87-90].



Chapter 1: Slow waves in laminated structures

1.1 Introduction

In this chapter the conditions in which slowly propagating free oscillations are
formed in cylindrical and flat two-layer metallic structures are studied. The importance of
establishing the presence of such oscillations is due to the fact that the radiation of a
moving particle in accelerating structures is synchronous (or is synphase) with its motion.
In particular, for an ultrarelativistic particle moving at the speed of light, the phase velocity

of the emitted wave is the same too.

As is known, an arbitrary field, generated or propagating in a closed structure, can
be expressed with the help of a superposition of the eigenoscillations of a given structure.
The field generated by a particle must only contain synchronous components of its own

oscillations.

In this chapter, we consider mechanisms of the formation of a synchronous mode in
two-layer cylindrical and planar structures and demonstrate their connection with
longitudinal impedances. In particular, for a flat structure, a relationship between the
eigenvalues of the synchronous mode and the poles of the impedance integral is

established.

1.2 Slow waves in cylindrical structures

In this chapter a round metallic two-layer hollow pipe of inner radius a with a
perfectly conducting outer layer and an inner metallic layer of conductivity & and thickness

d = b— a (Figure 1.1) is considered.
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Figure 1.1: The geometry of the internally coated metallic tube.

In axially symmetric geometry, the non-zero electromagnetic field components (E;,

E,., Hy) of the axially symmetric monopole TM modes are proportional to exp[:jﬁu‘lz — jmt},

2 4
where ﬁﬂn:ﬁqllk‘_"ﬁn and v, are the longitudinal and radial propagation constants,

respectively, k = ¢/, is the wave number, w is the frequency and ¢ is the velocity of light.

The dispersion relation for the modes is derived by the matching of electromagnetic field

tangential components (E., Hg) at the boundaries of layers. Omitting the factor
exp[jﬁﬂqz —jmt), the tangential components of electromagnetic fields in vacuum (r < a)
and metallic wall (& = » = b) regions are given as:

Ez (Trz] = Af[:. (VDHT")

Y 3
Ho(r,2) = 42252, (v, 7) rea
T

for (1.1)

E (rz)= Efu[flun"") + CH[I!:II}[‘A’DHT)

TAE { =r=b
Ho(r,2) =225 [B1,(36,r) + CH{ (2,7)] =T

I 2 _ 27 . . . .
where 4, _*ql"’ﬂn X5, x=j ;’5 is the radial propagation constant in internal metallic

layer, § = ¢ (EED;’J&,) is the skin depth, 5, and ¢, = £, +79/,, are the vacuum and metal

dielectric constants, respectively, /51 (x), Hc,lf (x) are the zero and first order Bessel and

Hankel functions, respectively.
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The unknown coefficients A4,E,C are defined by the matching of tangential
components (E., Hy) at (r = a) and the vanishing of the electric field E, at the perfect
conducting outer wall (= = &). The non-zero solution is provided by zero determinant of a

system of three linear algebraic equations. This defines the eigenvalue equation:

EDfi{Vnn ﬂ} _ Vopdi {ﬂnn Q}Héi}{ﬂnnb}_fn {ﬂnn b}Hiﬂ{ﬂun ﬂ}
Ei-'r'ﬂ'l[]""ﬁ':rt a} ﬂonfn {ﬂnnﬂ}Héﬂ{ﬂnnb}_h {ﬂnn b}Héﬂ{ﬂun ﬂ}

(1.2)

In a high frequency range, where the inequalities x| > |v, | (|2, | ® ‘"’2;’5),

|49, |a > 1 and § « a are hold, Eq. 1.2 is modified to

£oJ1(vona) =;TlnC0t(ﬂ‘Und) (1.3)

Vnnfn{‘“nnﬂ}
For the inner metallic layer thickness d, less than the skin depth & (d < &), and for
. . T o _j'ﬂ' .
not very high frequencies w << “ /¢ (s, ™ fm), the Eq. 1.3 is expressed as

1 f:.{”onﬂ}_ 1

”nnﬂfn{”c:nﬂ} " kZad

(1.4)

In the frequency range of interest (THz), the inequality w << ﬂjgu holds well for
practically all metals (for copper, ‘T;Eﬁ % 10% TH). The frequency range of applicability for

expression (1.4) is given as d <« d <« a.

The analysis of Eq. 1.4 shows that the radial propagation constants Vg of high
TM,, (n > 1) modes are purely real and non-zero. Therefore, the phase velocity for high

order modes v,,;, = Ck,fﬁun is higher than the velocity of light. For fundamental TM;, mode,
the parameter vy, vanishes (vy; = 0) at k, = /2/ad (Vo = c) frequency, v, is purely

real for k <k, (v, >¢) and vy, is purely imaginary for k =k, (V,p << ). Thus, the

structure under consideration is characterized by a single slowly propagating TM,; mode at

high frequency. Figure 1.2 shows the dispersion curves for the fundamental TM,, and high
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order TM,, (n>=1) modes. As is seen, only the fundamental mode crosses the

synchronous line f = k (v, = c) at a resonant frequency of k = k, = \/2/ad.

4

Figure 1.2: Dispersion curves for fundamental TMy; and high order TMy,, (n = 1) modes.

1.3 Attenuation parameter

To evaluate the TMy; mode attenuation constant ay; = I'm(8,,) for thin inner layer

(d « &), the second term in expansion of formula 1.3 should be taken into account, i.e.
cot(y) & 1/{1.' — ng,

Jilvgsal k§ . 1

Vo @lsVgsa)  2k2 kea

(1.5)

where 7= (¢+ ¢ 1)/V3, ¢ =Z[,daf~.,*§. The numerical solutions for real and imaginary
parts of TMy, mode transverse propagation constant are presented in Figure 1.3
(dfa =107%, ¢ = 1). For small arguments of Bessel functions |Vyila << 1 one can obtain
the following approximate expression:

1 k3

16 .
2,290 1, %0 _ -1
Vo1 a2 ( 2 + 2k2 ",Iu:a) (16)

Note, that the real and imaginary parts of transverse propagation constant v, at

the resonance frequency k = k, = ./2/ad are given as:
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a

Re(vy,) = —Im(vy,) = 3\{% (1.7)

and the relation [vy1la << 1 holds well around the resonance frequency. For high frequency

|
k » |Vg1l, the longitudinal propagation constant 5y, = ﬁJk? — Vg1 is given as:

4

k3 aZ

(k2 —ko?) + j—2 (1.8)

JE ~k+ alka)?

The attenuation constant at resonance frequency (k =k,) is then given as

@y, = 4dn/a’.

Figure 1.3: Real (solid) and imaginary (dashed) parts of TMy; mode transverse eigenvalue

¥ ="Vp Q.

1.4 Longitudinal impedance and radiation pattern

A relativistic charge traveling along the axis of a round metallic two-layer hollow
pipe (Fig. 1.1) is considered. The excited non-zero electromagnetic field components (E_,
E,, Hy) of the axially symmetric monopole mode in the vacuum region can be derived
based on the field matching technique [72]. A good analytical approximation for metallic
type two-layer tube longitudinal impedance can be obtained in high frequency range, when

the skin depths & are much smaller than the tube radius a, i.e. & << a [74].
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-1
Z5 =j—> (1 —I—%icth[xd]) (1.9)

where Z, = 120m Q1 is the impedance of free space. For the layer thickness d smaller with
respect to the skin depth & (d << §) and for not very high frequencies (w << g/g;), the

impedance can be presented in a form of parallel resonance circuit impedance:

70 = R[1+jQ (ﬂ—i)]_l (1.10)

ik i g

where w, = c,/2/ad is the resonant frequency, R = Z,(2man)™t is the shunt impedance,

Q = wyal2en) 1 is the quality factor.

1000

100

ReZ)| [€2/m]

1 1
0.1 0.2 0.5 1.0 2.0 5.0
f=w/2n [THz]

Figure 1.4: Longitudinal impedance for Cu, LCM (solid) and Cu-LCM (dashed) tubes.

Figure 1.4 presents the field matching based exact numerical simulations of
longitudinal impedance for copper (Cu, o; = 5.8 X 10" 07'm™1) tube, internally coated by
the low conductivity metal (LCM, ¢, =5x10°07'm™) of d =1 um and d = 0.25 um
thickness. The tube radius isa =1 cm. As is seen, in the transition region for thin LCM
layer the impedance is modified to narrow band resonance at the frequency f; = wy/2m,
corresponding to f, =0.675THz for d = 1 um and f; = 1.35 THz for d = 0.25 um. The

impedance has a different nature for single and two-layer tubes. It has a broadband
maximum for the single layer tube and narrow band resonance at high frequency w for

two-layer tube. An important feature is that the resonance is observed when the inner layer
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thickness is less than the layer skin depth. Thus, the resonance is conditioned by the
interference of scattered electromagnetic fields from the inner and outer layers.

The radiation pattern at the open end of the waveguide can be evaluated by using

the “from near to far fields” transformation technique.

LI N N B S S (N N B B B B

LI B I

1.00jl|lllllllllll|l\ -
| /

I

0.75

0.50

Intensity

0.25

0.05 0.10 0.15

0—'|Iv|||I||||1|
-0.15  -0.10  -0.05 0

Angle [rad]

Figure 1.5: Radiation pattern for frequencies f = 1.35THz (solid) and f = 4.7 THz (dashed).
Fig. 1.5 presents the angular distribution of the normalized radiation intensity with
respect to waveguide axis & =0 for the internal layer thickness of 4 = 0.25 um and
resonant frequencies f =4.7THz (a =1mm) and f = 1.35THz (a = 1 em). The radiation

pattern is zero at = 0 and reaches its maximum value at 8 = arcsin(2.3,/d/2a).

1.5 Slow waves in flat structures
that determine the

In this section, we derive
eigenfrequencies of electromagnetic oscillations of two infinite parallel planes, the latter

the dispersion relations

being covered by a thin conducting layer from inside. The metal layers are identical: with a

thickness d and a conductivity . The permittivity of the layers is characterized by the
expression £ = ' + jo/w, where £’ is the static permittivity of the metal (for most metals

g' = g, where g, is the permittivity of vacuum, for germanium =’ = 16s;) and w is the

frequency. The distance between the inner surfaces of the plates is 2a.
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The solution for the natural electromagnetic oscillations (eigenoscillations) of the
structure is sought by the method of partial regions. In the case under consideration, we

can distinguish three regions: the regions of the upper (a < v<a+d, i = 1) and lower
(—ra—d<y<ai=—-1) metal layers and the vacuum region between the plates
(—a< y=ai=0). In the outer ideally conducting layers, the fields and currents are

absent. Since all three regions have finite dimensions along the transverse direction, in
each of them quasi-plane waves with both damped and increasing amplitudes can
propagate. Thus, in each of the three regions, the fields can be written in an identical form.

In particular, electrical components in each of the three regions (i = 0, +1) are written as:

(@ (@ ()
Exi}f,z - Elfx,y,z + Ezfx,y,z (1-11)
with
EY @ =[" [T ED  dk,dk,dk (1.12)
1.2x.v.2 —m e TL2xVE x z .
where
( @)
sh(k%y)
gl ¥ j (px+kpz—iot)
= 4 v ol
Eiox=A12x cil1®y el e
. ¥ '} J
(Ch (k{ﬂ_}’)w‘
EE;,F = ifll,?,;l:4 i] ,ej':kxx+kzz—mt] (1.13)
uSh (k-}? }J)J
( (@)
sn(k%y)
gl Y j e+ pz—wt)
Elz _AI,E 4 _ gl Mix =z
- “en(xPy)
l,‘ o
Here 4,,.,. are arbitrary weight coefficients (amplitudes) and « = ke. The

magnetic field components are determined from electrical field components with the help

of Maxwell equations:
BU#) = Zrot EX () (1.14)
. o +

whence
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ch(kPy)
sh(ky)
Sh(ky)
ch(kPy)
ch(ky?y)
Sh(ky’y)

m 1 i) 40D . (0 .
gl,z,.}: - _I_&J (k__EE ALZ,Z - }kzﬂl,z,_}r) [ ]E"II: X Z—ix

i 1 il il ; - — )
B, = —= (kA - szli*z,x)[ ]e*"i“x““sz “)  (1.15)

55 () i) (0 . (0 otz )
Blfz,x = (k:'EE Alz,z,x —}kzﬂlizﬁ)[ ]E_I[If x4k z—wt

1
Joa

The relationship between the amplitudes Aﬂ,z and Aﬂ}x,ﬂﬂa}_ is determined from
the Maxwell equation:
divE") = 0 (1.16)
whence
AD  — ki(; kA%, — k40, (1.17)

To determine the relationship between wave numbers and frequency we use the

identity, which follows from Eq. 1.13:

=0 @Y 2 (D) .
rot rotE) = (kg — (k) + kg)Elfz (ky ke, ke, 7) (1.18)
and the equation, which is a consequence of Maxwell's equations:

rot mtﬁiﬂ = kzsgpff] (1.19)

with =, u! relative electric and magnetic permeability in the respective regions

(i =1+jo/g, ply =1;5 = py=1), andk =w/c.

Comparing Eqg. 1.18 and Eq. 1.19, we obtain

kY = [—kZeu+ K2+ k2 (1.20)

For inner (vacuum) part of structure

ki,“:' =k +kZ+k2 (1.21)
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To construct the dispersion relations (relationship between k., and k) one should set

up a system of linear equations based on field matching at the boundaries of the structure

areas:
1. EY=0, E¥=0 aty =a+d
2. EV=£" EV=E" BY=B"BY=8" ay=a
(1.22)
3. EV=p"EY = B "=B"B"=8" ay=-a

4. EY=0, EY =0 aty = —a—d

As a result, a system of 12 equations containing 12 unknown amplitudes is obtained.
Dispersion relations are determined by the determinant of this system being equal to zero.

These relations take a form consisting of a product of four factors:

D=I.,T,=0 (1.23)
where
Ty = kg ch(akS”) Sh(akl )+ k¥ sk (ak;” ) ch (akl”)
T, = kP cn (k) cn (aky” )+ 'G}Sh(dk ) sn(aks®)
@, 0% 2 1 (0 @Y, L0 . s (0 @ (1-24)
Ts =k (I::}_ k2 k;)ﬁ'h(dk} )Sh(ak} )+k (k k;—k;)Sh(dk}_ )Ch(ak}_ )
Ty =k (k;ﬂ k2—k2)ch(d k;ﬂ]c‘h (ak;m) 'ﬂ(k;_”} —k2—k2)Sh (dkf’)j‘h (ak;"})
Taking into account k,; = JJ—k*slpl + k2 + k2 from Eq. 1.18, instead of Ty and T, ,
we can write

kK2 elu ch(dk (") sh(ak)
——kﬁnf'kzai#f h(dkSV)ch(akl?)

— kM k2 sh(dkiY) cn(ak(™)

. . . 1.25
— kM k*Sh(dkiV)Sh(aki™) (1.25)

An independent system of natural oscillations of the structure is determined by the

factors (T, = 0, i —1,2,3,4) being equal to zero.

The radiation generated by a particle is synchronous with its motion. The spectral

components of its radiation field have a phase velocity equal to the speed of light
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v,, = w/k =c. In this case, the direction particle motion (direction along the z axis) is

distinguished. In the case of natural electromagnetic oscillations, determined in the
absence of a particle or some other source of radiation, the directions along both

horizontal axes x and z are equivalent. This fact manifests itself in a symmetrical

dependence of the frequency k = w/c on the wave numbers k. and k. (1.21):

2
k= Jk; + k2 — kY (1.26)

The phase velocity of eigenfunctions of the structure has the following form:

c (1.27)

As can be seen from Eq. 1.27, the phase velocity of the natural oscillations is equal

to the velocity of the particle (the speed of light in a vacuum) under condition k = k_. The

amplitudes A4, , are then written in a form containing the Dirac delta function:

2V E

e

A =A §(k —k_). Taking into account = k_ , the vertical wave numbers k;:.“'} will

Lx.= 1252

take the form k. = \[kZ(1 — &/u]) + k2 + kZ for i = +1 (in layers) and k. =k, ati =0 (in
the inner vacuum region).

Thus, for synchronous eigenmodes, generated by a particle, instead of (1.24, 1.25),

one can write (by replacing k¥ with .):

T, = kP ch (dk;ﬂ)Sh(akx) + 1k, Sh (dk;ﬂ) Ch(ak,)
T, = k’ch (ak$”) Ch(ak,) + k,Sh(dk) Sh(ak,)

’ ’ ’ (1.28)
T, = —k k2epCh(dk?) Shiak,) — kP k2 sn(dkY) chlak,)
T, = —kk2epCh(akS”) Chiak,) — ki k2Sh(dk”) Sh(ak,)

Let us compare the obtained expressions 1.28 with the denominators of the
impedance (Eq. 2.45) obtained in chapter 2 writing them in a form convenient for

comparison:
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R¢ e ~ ;
: } =+ {k y } ch(kVd)ch(k,a,) + { }Sh(k}':,l"d).'j'h[kxal)
X

'ICJ{
kUK

Rg kzg;‘u; (1.29)

Rf} k‘E‘lj [1", k.;t [1‘, .
== ; Ch(k:d)sh(k, a,)+ * lep(kYd enlk.

R3 __{&xkzehé ( o )shkzay) + EEJEZ ( ¥ )Ch(k,ay)

The comparison gives a complete coincidence of the expressions 1.28 and 1.29
T,=R;, T, =R{ T, =R3, T, =R§ (1.30)

Thus, the complex roots of the dispersion equations (T; = 0, i = 1,2,3,4) are the
poles of impedance function on the complex plane k... When the particle moves along the
symmetry plane of the structure (Ay = 0) only two dispersion equations are realized:
T,=0and T, =0. With a parallel offset of the particle from the horizontal plane of

symmetry (Ay = 0), all four dispersion equations are realized: T; = 0, i = 1,2,3,4.

In the approximation k2 <« Zyak, or ki % \/[=jZ,ak_, (in the cylindrical case this
approximation is equivalent to the one for the permittivity of the metal =  j o/w, which is

valid for not very large frequencies), the expressions (1.28) or (1.29) become analytic on

the complex plane k.., which allows us to directly calculate the integral functions through

which the impedance is expressed using the residue theorem [91].

The final form of the second and fourth equations (1.28) is:

k,Th(ak,) = —\/—jZ,0kCth(d\/—jZ,0k)
(aky) —joZok .
”‘k; — 758 Cth(dy—joZok)

At a fixed frequency, the right-hand sides of Eq. 1.31 are constant (independent of

(1.31)

the wave number k. to be determined). Equations (1.31) can be expressed through

dimensionless parameters k, = ak,, k = kd, d = d/a and ¢ = Z,0d:

cen(ke) 5 th(EF)
T =—d .\,-'—jEFE (1.32a)

”‘E{’Ex} —d ’—j{E Cth( [—jgﬁ)ﬁzz (1.32b)

-21-



0.3

Re k.

0.1

0.0td

e

10 15 20 25 30 35
Im k,

0.005+

0.002 +

& D001}
L5

M osx1074]

2x1074}

1x10~4}

5x10-5|

-------

.
.....

10 20 30

40 50

Fig.1.6: Eigenvalues of a planar two-layer structure. Solutions of equation 1.32a (left) and 1.32b

(right) for different values of parameter & (¥ = 1, 2 and 5) at a resonance frequency
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(right) in the case of & = 1 for several values of frequency: k = k. d = \/d/
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Figures 1.6 and 1.7 show the eigenvalue distributions of the synchronous mode of a

two-layer planar structure. On the horizontal and vertical axes, respectively, the imaginary

and real components of the eigenvalues are plotted on the graphs. The graphs are a result

of the exact solution of Equations (1.32a, b). For small right-hand sides of equations (1.32),

their asymptotic solution can be represented as the sum of the solution for ideally

conducting plates (k.,, =jm/2+jm(n— 1) for Equation (1.32a) and kg = jmn for

Equation (1.32b), n = 1,2,4, ...) and a small additive «_,,, taking into account the presence

of the inner coating:
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. da(b)koalh)

kxﬂ(b] = jkxﬂa{b:] + Xap)y Aap) = —J 1+da(p) (1-33)

where

d, =d th(ﬁ)/ﬁ, d, =d_|—j¢k Cth (ﬁ)/gz (1.34)

The smallness of parameters d_,; (1.34) is conditioned not only by the small
relative thickness of the layer d, but also by the smallness of the other factors included in

this parameter. Thus, for d = 107* and ¢ =1 at the resonant frequency k = ./d/a, the

parameter d,, is of the order of unity (ld,] &~ 1).

The eigenvalues k.. (solutions of the equation (1.32a)) within the parameters

shown in Figures 1.6, 1.7 (left), are approximated quite well by the formula (1.33). They
are characterized by imaginary components close enough to the eigenvalues of the

structure consisting of two parallel ideally conducting planes (Imk,., * k,.,), and by small
real additions, the values of which decrease along with the increase of £ parameter
(Fig.1.6, left). We note that for fixed values of the parameter £, small real corrections are
linearly increasing along with the increase of imaginary components (Fig. 1.6, 1,7, left) on
x axis and decreases with increasing frequency (Fig. 1,7, left).

The behavior of k, eigenvalue (solutions of equation (1.32b)) sequences is much

more complicated. Their real components are two or three orders of magnitude smaller

than the corresponding roots of equation (1.32a). For small £ (¢ =1 and ¢ = 2 on Figure

1.6, right) they exponentially decrease along with the increase of imaginary components,

deposited on the horizontal axis. With an increase of the parameter &, the lower values
begin to increase to a certain limit, and then the increase goes down (§ = 5 on Figure 1.6,
right). In contrast to the eigenvalues of k_, (solutions of equation (1.32a)), there is a
general increase of the real components of eigenvalues along with the increase of ¢
parameter (Figure 1.6, right). The reverse order is also valid for fixed values of £: lower

frequencies correspond to smaller values of the real components of the eigenvalues k,,. In
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contrast to the real values of k_, they increase along with the frequency increase (Fig. 1.7,
right).
The essential difference between the imaginary components of the eigenvalues k,

and the corresponding values for ideally conducting parallel planes is explained by the

magnitude of the parameter d, (1.34): its smallness is ensured at very low relative

thicknesses of the metallic layer d (d <« 1) or at sufficiently high frequencies (& > k,__).

1.6 Summary
The first chapter establishes the connection between the radiation of a charged
particle and the synchronous electromagnetic eigenmodes of two-layer cylindrical and flat

metal structures.

For a two-layer metal cylindrical waveguide, it is shown, that a single slowly-

propagating (with phase velocity equal to the speed of light) TMy; mode at certain

frequency (resonant frequency k = 4/1/%d,r, inner radius of waveguide, d inner layer

thickness) is in phase with a radiation field of a charged particle and synchronized with the
ultra-relativistic particle, moving along the waveguide axis. This circumstance is clearly
demonstrated in Figure 1.2, where only one dispersion curve, corresponding to the above-

mentioned mode, intersects a line describing the phase velocity equal to the speed of light.

The important results of this chapter also include the calculation of the attenuation
coefficient of the synchronous mode for the resonance frequency (Eq. 1.8), which is
defined as the real component of its phase.

The remarkable properties of the phase of synchronous mode, presented in Figure
1.3, are also determined.

The second main direction of this chapter is to investigate the mechanism of
synchronization of the electromagnetic eigenoscillations of a two-layer flat metallic

structure.

Equations for the eigenvalue numbers of free vibrations in the structure under
consideration are obtained. A subsystem of free oscillations, synchronous with a particle,

moving along a rectilinear trajectory parallel to the symmetry plane of structure, is
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distinguished from the complete set of free oscillations. Equations for eigenvalues are
obtained both for a complete system of free oscillations and for their synchronous
subsystem. A unique relationship is established between the roots of the equations for
synchronous oscillations and the complex poles of the integrand for the longitudinal
impedance. Based on graphic constructions the behavioral regularities of eigenvalues are

analyzed.

Important difference between the mechanisms of formation of synchronous
oscillations for two-layer cylindrical and planar structures should be mentioned. In the first

case, we have a single synchronous mode, with synchronization being achieved only at
the resonant frequency k =4/2/r,d. In the second case, there is an infinite set of eigen-

oscillations, synchronous on the entire infinite frequency range. The radiation field of a
particle is formed by the total contribution of the entire infinite sequence of natural

synchronous oscillations of the structure.

As will be shown in the second chapter, the result of the total contribution of

synchronous oscillations is radiation with a narrow-band frequency spectrum and a single

resonant frequency k = 4/1/ad.
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Chapter 2: Accelerating structures with flat geometry

2.1 Introduction

Impedances and wake functions in multilayer cylindrical structures are studied in
[72]. It is shown that under certain conditions there is a narrow-band longitudinal
impedance in the structure. The study of dispersive relations of a two-layer cylindrical
structure shows that in the same conditions the structure becomes a high frequency,

single slowly (v <c¢) traveling wave structure. Single-mode structures are good

candidates both for novel accelerating structures and for being sources of high frequency
monochromatic radiation. As it is shown in previous chapter, a single-mode structure can
be used also for bunch compression and for microbunching. To be a high frequency

single-mode structure, it requires a high accuracy pm — sub-um low conductivity internal
coating, and an inner diameter of about several mm, which is technically a complex

problem for structures with mm diameters.

In this chapter multilayer flat metallic structure is studied as an alternative of the
abovementioned cylindrical structure. The longitudinal impedance and dispersive relations
of the structure are presented, wake fields generated by a particle travelling through the
structure are observed. Analyses of symmetrical and asymmetrical multilayer flat
waveguides are performed. Conditions in which the longitudinal impedance has a narrow-
band resonance are obtained. Comparison of properties of multilayer flat metallic structure

with cylindrical structure is done.

To calculate electromagnetic fields, the field matching technique, that implies the
continuity of the tangential components of electric and magnetic fields at the borders of
the layers, is used for solving Maxwell equation. The matrix formalism described in [72] is
used to couple electromagnetic field tangential components in two borders of a layer. The
longitudinal impedance of the structure and wake fields in it are obtained via Fourier

inverse transformation of electromagnetic fields.
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2.2 Multilayer flat structure
We will start with the most general case: a structure consisting of two parallel
multilayer infinite plates (Figure 2.1). The boundaries between layers are infinite parallel

planes. The number of layers in the top »'® and bottom »'?’ plates can generally be

unequal (n'* = n'?). The filling of layers may be both dielectric or metallic and in general

3

is characterized by a static complex dielectric permittivity s;“ ,i=12,.n% u=tb

magnetic permeability p'z.:”:'and conductivity cr:."”}. The dielectric constant material layer can

be written as 5;:”3' = s;:”} +j crz.':”}f’-:u, where @ is the frequency. For the majority of highly

) )

conductive metals £, = £,; for non-magnetic materials i, = g (g5, 22, permittivity and

magnetic permeability of vacuum). The thickness of i-th layer is d;:“}. The distance from

the symmetry plane of the vacuum chamber to the boundary planes, separating layers are

equal to a; e = a™ +d™, i=123,..n™ (for upper half-space). The upper and

lower unbounded regions can be filled by an arbitrary medium, the electromagnetic

.-..I"ujl

. . . [ (2l . Lud
properties of which are characterized by parameters £,  =¢iw, +jo w, /o,

(ad _
P:?'!::u:l‘l'l - FD

The point-like charge is traveling through the layer metallic tube with velocity »

parallel to the z-axis at vertical offset A.

y
an+1
‘ ®

Figure 2.1: Geometry of multilayer flat metallic structure.

-27-



Maxwell’s equations must be solved to calculate EM fields excited by the point

charge. Cartesian coordinates ¥ = (x,y,z) are used, where v is the direction of vertical
axis. For (n,n®)-layer tube there are n' + n'®) + 3 regions (including the inner and two
outer regions of the structure) and n'® + »n'®’ 4+ 2 borders. The complete number of
matching equations is 4(n'® + n®’ + 2) with 4(n‘? + n*) + 2) unknown coefficients as in
each border there are four boundary conditions that match tangential (E..E..B..B.)
components of electromagnetic fields.

Radiation fields are searched by the method of partial areas [92]. The

electromagnetic fields are derived by differently presenting the fields in three regions:

charge existing region (—a_;=<y=a,) , metalic layers of the structure
(—a_ » <y<—a_,,a, <y<a/)and outer vacuum region (y < —a_ @, y =a_@). In
all regions the solution is sought in the form of general solution of the homogeneous
Maxwell’'s equations except for the area between the plates. Here, a particular solution of
inhomogeneous Maxwell's equations is added to the general solution of the homogeneous

Maxwell’s equations.

The electromagnetic fields and point charge are presented via Fourier

transformation as:

E(x,y,2) = |__E(k,,y k)e*=*e =gk dk,

. ) ) 2.1
0(5,y,2) = [~ Bky,y, k)et s ™o dk dk, @

where k = ©/, is the wave number.

Boundary conditions state that tangential components of full electric and magnetic
fields should be continuous at layer boundaries.
E.(xa) = E;**(xa,)
El(+a,) = EI* (£ay) (2.2)
B.(+a,) = B (#a,)
B (+a;) = B;* (a,)

where + and — signs correspond to layer boundaries in the upper and lower regions,

respectively.
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An electric charge traveling in the structure produces an electromagnetic field,

which can be presented as a sum of two parts:
Etﬂt = E?J + E_, Btﬂt = BF + B (23)
where E ;. B, are the electric and magnetic fields in the case of perfectly conducting plates

and E,B are the solutions of source free Maxwell’'s equations with a metallic current j = gE.

The dependence of the last ones on source patrticles is determined by boundary conditions.

Firstly, electric E, and magnetic B, fields in the perfectly conducting parallel plates

with a static charge in the structure are calculated, then the fields, when there is a charge

traveling in the direction of structure axis, can be obtained via Lorentz transformation [92].

Maxwell’s equations for the structure with a static charge g in it are:

fel
V-E, =%
V-B, =0 (2.4)
VXE, =0
VX B,=0

where V is the nabla operator.

Using Fourier transformation in Maxwell’'s equations and expressing electric field x

and y components via z component, the wave equation for a point charge can be derived:

z
By

a’E, =——ik 8(y —A) (2.5)

ay? Pz 412 £,

|
where a = \ k.~ + k.” and A is the point charge deviation from the center of v axis.

The solution of Eq. 2.5 is a sum of homogenous equation solution (E,,) and a
particular solution (E_ ).

Presenting the solution of homogenous part as a sum of hyperbolic cosine and sine
with unknown coefficients, and finding a particular solution by integrating two parts of the

wave equation, the solution can be obtained.
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giky sinh(a(a +A))sinh(alaFy))

amias, sinh (Zaa)

Epi {:kxl ¥, kzj == (2.6)

where + sign stands for an electric field in upper part of the structure (¥ = 4 ) and - for an
electric field in lower part (y < 4 ).

x and y components of the electric field can be obtained via Faraday’'s low and

magnetic field is zero for a static charge.

+ ___aiky sinh (ala F9)) sink(z(ata))
E-p (k.':t-'! I}-’; kz’j - ‘LTZIIED Sl'ﬂh {zﬂ'ﬂ:] 2 7
E U{ k J cos(a(aTy)) sinh(a(at+a)) (2.7)
o Vs - 41 o sinh(2aa)

The Fourier components of the electromagnetic fields of a moving charge can be

obtained via Lorentz transformation:

1 gjk; sinh(k,(a+A))sinh(k,(aFy))
¥ Amlk,, sinh (2 k,a)

Eﬂj (kx!}’r kz) =
E,(kyy, k) =y ngi kv, k)
E, Ekx,} k J—+}’J coth(k (a¥ ) Ex (ky, v,k )

2.8)
Bp;[x,},zj =0
+ Vot
B'px (k_'x.'! .}I! kz) = C_z E‘p_}‘ Ekx.l.}rl kz’)
t v ot
B*py (kxy ¥, kzj = - C_z EQ:T_I (kx;}’; kz]
Note that the variable of integration is replaced by k., — k./y and & = M|I k,®+ (k}r—"’) Ak,
We write fields in Eqg. 2.8 in the form of plane waves:
_ _ a4l ka ,—k) () +ika  —ky
Pxyz ELP:rmz +E; Pryz Al»"'&z e >+ 1512_,‘ »z® [ e (2.9)
_ _ plfl ka o —k) ) +ika . —ky )
px_c,,r._g - Bl.lpx_&r._g + BZ.IPIJ,E - Bl,.x,} Z I:+ . Y + BE KV Z I: ae d
where
.-ﬂli—;:' = _j},—z —9 %= cosh(2ka) sinh(k(a + ﬂ)) Ag—rz:' = —.-ﬂlgiz'
AT = —j = csh(2ka)Shik(a + 0)} = y24T;  AS) = —af] (2.10)
(£ _ () _ 4
AT = ien“ec. E‘sh[Eka}Sh{k[a +A)} As =45,
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On the metallic surfaces, the electromagnetic field components are:
E, [kx,_a k.)= E, [kx,_a k.)=0

_q 51nh{kx{ﬂiﬂ]}
E’pv(k-":’ ia, kz] - 4”1250 sinh(2 k..c)

v sinh (k, (A+a))
B (kx!+a k ) A2 50‘33 sinh(2k,a)

B, (kutak.) =B, (k,*ak.)=0

(2.11)

The only non-zero tangential component at the boundaries ¥ = +a is a component

?, , Which in ultrarelativistic approximation (v = ¢} is

= sinh(k, (A+a))

amleyr  sinh(2k,.a)

Bpx[kx, +a, k (2.12)

As it was mentioned, the total electromagnetic field excited by a point charge
traveling in the multilayer structure was presented as a sum of two parts. Now the second
part of total electromagnetic field will be calculated, i.e. solutions of the source free

Maxwell's equations with a metallic current j = gE. The fields inside layers are sought in

the form of a general solution of the homogenous Maxwell’s equations.

E9(x,y,2) = EP (x,v,2) + EX (x,y, 2)

| : 1. (2.13)
B9 (x,y,z) =BV (x,y,2) + BY (x,y,2)
where
ED (x,y,2) = [* [7 ED, (k,,y,k,)el Gextka=v0) qpe_qe (2.14)
B (x,y,2) = [~ [7 B (k,,y,k,)el Faxtka=vt) g dk |
with
£ 3 — AL
g—_.ll,_klr.r+kz'\z ve)) (2.15)

BE_EJE (kx; v, kz) = rot [Eiﬂz (kx’y’ kzjej{k_rx+kz{,z—p¢]}

Jkzv
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For the inner region (—a_, < y < a,) we should add the partial solution (E,.B,) of
inhomogeneous Maxwell’'s equation (Eq. 2.8) to the general solution of the homogeneous

one:

E9(x,y,2) = E¥ (x,7,2) + E¥ (x,7,2) + E, (x,,2)

1_ 1_ (2.16)
B(x,y,2) = BV (x,y,2) + BY (x,y,2) + B,(x,7,2)

Finally, for the upper and lower outer regions, fields are sought to be vanishing in

infinity (at v — +c0)

( e
E{ﬂ*ﬂ+1} Ex’ J:sz = EE “+1) [I, }!,Ej
( (D)
BCO)(x,y,2) = B (x,y,2)
. (L)1) (2.17)
ECn-1)(x,y,2) = E; (x,y,2)

(5 —n(B)_
B 0(x,y,2) = BS" Vix,3,2)
for top (v > a_ ., ) and bottom (y < —a__w1_, ) regions, respectively.

As it is mentioned, we obtain a system of 4(N 4+ M + 2) equations for the same
number of unknown amplitudes. Amplitudes 4%, and AL, can be presented by A%, AL

and A%, 4} , A, via Gauss's low

i 1L al

zl — Ie
Z
kAL ,—ikl al (2.18)
i — il yoy.z
z2 — k
=z

and magnetic field components can be derived via Faraday’s low.

To determine the electromagnetic field we will use the field matching technique that
implies the continuity of the tangential components of electromagnetic fields at the borders

of layers (¥ = ta;). We are interested in tangential components of fields, so we will
introduce the tangential field vector 7*(E,*,E.*, cB,".cB."). We will use the matrix approach

introduced in [72] to obtain electromagnetic fields in the vacuum region.
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Connection between the components of the fields and amplitudes is realized by

using the basic transformation matrixes:

k.’ 0
-y | —kyk, —ikik,

0 0
Iﬁ}{l:](_'}] g 0 0
) =——= ) ) 2.19
. ke* | —ikik, k) -k, 0 0 219
—ikik, kg, 0 0
0 0 k7 0
Iﬁ}{:] ] gk_z‘-}.‘y 0 0 _kxkz _lk;kz
() =— _ L 2.20
> =570 o ikik, ki°—k, (220
0 0 —ikik, K.k,
ﬁ}{ﬂ (}’) _ wl':i:] (‘}’]—Hﬁé{ﬂ E}Jj (2.21)

where k= k2 + (1 — O uDu2)k2,

Let us establish a connection between the field values on the lower borders of

neighboring layers. The fields on upper and lower borders of the i-th layer of the upper

half-space can be expressed in terms of values having the same amplitudes:

?i{:ai] = I“T‘rli {:ai]ﬁi

Tt Ari Ai ?i a; = ﬁ'}i a; ﬁ}i a; _l?i a; 2.22
T'a,. ;) = Wi(a;,)A (@41) y (a1 )W (a)) (a) (2.22)

From field tangential component continuity (T***(a;.,) = T*(a.,,)), one obtains
?i+1{:ai+1] = I’T‘T (%ﬂjﬁ‘f (aij_l?i(ai] (2.23)
Consistent application of (2.23) for upper half-spaces gives
T+ 1(q »,.) = QOT(ay) (2.24)
where Q'¥ = l’[?:il 0 and @ = W@ (a. )W (a) L,
Similar relation can be obtained for lower half-space

?{—{nffﬂ'+1}) (_ a_{ﬂmﬂ}) = QWT®(—q_) (2.25)
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I (Bl i i - I"_z- e |"_z' -
where Q% =T, Q;b}, Q{b} =W (—a_gp )W (—a_) 1

p r-1 ) (-1
For the symmetrical case @' = ¢\ and @ =T, ¢

Given the matching conditions on the borders of the plates, we finally have
o [y (D ~ - ~ -~
Wl{n +1}(ﬂniﬂ+1)ﬂ{tb] _ Qt[w(ﬂ] (ﬂljﬂm + B{t]] (2.26)

o (-0®)

2

(_a_ {ﬂ,:m+l}) A€ — QP[WO) (—a_,)A® + B®)] (2.27)
where E'#?) and 4'%?) are the single-column matrixes:

B?) = {{U}, 03, {2kv csch (2kPa) sinh [P + 0]}, {ﬂ}}
AlR) _ ;{A{niﬂﬂ}} {A{niﬂ-'-l}} {A{—{ﬂ':m+l})} {A{—{n':f’}+1})}l (2.28)
* v i S 11 4y.2

In Eqg. 2.9 and Eg. 2.10, the condition that fields are vanishing on y = + is taken

into account.

The amplitudes A'” may be expressed in terms of A“?’ amplitudes, using Eq. 2.26

and Eq. 2.27
A0 — gt gleb) _ y7(0) (a ]—1§{ﬂ
A JA — 1 . (2.29)
A 0) _ Gb}l{tb] _ W{D] (_a_lj—lg':b]
where
-~ -~ -1 . (plt)
Gt = o (alj_th Wl'[ +1}(aﬂ|:ﬂ+1) 250
~ — 1 (B 41 .
G" =W (_a—lj_lTb 1“2( e }) (_a—{ﬂwhl})

Eliminating the outer layer coefficients, we obtain explicit expressions for the

amplitudes of the particle radiation field in the space between the plates:
Ao _1 (gm FEOTHE _ §<+:|) (2.31)
2

with
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GE —Gt+ G D = W@ [al)_lﬁm + Wt (—{l_lj_lﬁ{b] (2.32)

Amplitudes of the radiation field for the structure with an arbitrary number of layers
in each of the plates can numerically be obtained by Eq. 2.31. The particle velocity can

also be arbitrary.

2.3 Two-layer flat structure

Py i ‘ ; p =1
Note that in the symmetric case (ai =a_, k;.‘} =k, P L wb}) ple) = gl

( (-1 : . L . : -
and 0"’ =@ " For some important special cases, it is possible to obtain explicit

[T

Ea, 07
T

£1,09 d

&1,07

i
Eq,07

LT

expressions.

Figure 2.2: Two-layer flat structure. Geometry and electromagnetic parameters.

An important special case is a symmetrical two-layer structure with unbounded
external walls (Figure 2.2). We write the amplitudes of the longitudinal electric component
of the radiation field of the particles in the vacuum region between the plates (corresponds

to Eq. 2.15 for i = 0)

A%}, = A cosh (kA) F A sinh (k' 2) (2.33)

where
A gky v® A+B tanh(k;ﬂai) A . qky v? A+B cc:th(k;'ﬁal) 234
¢ = J lenreqc® pfpf © U5 T enze 02 DS pf (2.34)

The following notations are made in Eq. 2.34
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A= kiﬂ] [(kiﬂ? _ ksz)(kfﬁf{f _ kiﬂzkg)_i_ (kiﬂz B k}zc) P]
B= Zk;‘ﬂ (kf: N k;mz)slsﬂz
Df = k;ﬂ_gz cosh( ﬂl)+k{°:'_5' sinh (k{ﬂ] 1)

D = ks, sinh (kPa; ) + kS, cosh (ka, )

¥

D§ = kK2, cosh (kVa, ) + kVKES, sinh (kVa, )
D5 = kK238 sinh (k" a; ) + kP KZS, cosh (kP a, ) (2.35)

Sy =k cosh(kVd) + kP sinh(kVd) s, = kP cosh(kiVd) + kS sinh(kSVd)
$y = kK cosh(k{Pd) + kP kP sinh(k{Pd ) S, = kP K7 cosh(k{P d ) + k(Y K7 sinh(k(Vd)
P = (kP K2+ k2 k2) cosh(2k(d) + kI kP (k2 + k2) sinh(2k$d)

-2
K2 =k —k2—k2, i=012

Expressions 2.33-2.35 are a generalization of the well-known result [92] on the two-

layer structure for an arbitrary velocity of the particle. In the transition to single-layer
unbounded plates (Ici.ﬂ = kf}) the first term in A vanishes. In the transition to ultra-
relativistic approximation (k;f.“’} = kx] factor B vanishes. The following are the values of

field amplitudes for the structure, consisting of two unbounded parallel plates and an

arbitrary particle velocity.

A ks p2 (ki—k;,ﬂz:]k;,':'}+k§,ﬂ(ki—k;,':'}z:]tanh{k;,u]air]
¢ ey & 7 comlqPa) i snbi 0, ) (67 conlP )i (7))
A Ak ¥ (Jci—kgﬁE:J;cgf”+k§,ﬂ(ki—kgfﬂz:]cuth(;c;”}aij '
s=J amle, c* I:k;,':'} cushl:k;,u}airhkg"] sinh(k&?]aiz]:](k;,ﬂh'g cushl:k;,'ﬂaizhkg?]h'f sinh{ki,u]air]:]
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At k;f.”} =k, and v = ¢ amplitudes in Eq. 2.36 coincide with the corresponding
amplitudes in [92], obtained in the ultra-relativistic approximation.

In the case of high conductivity of outer layer, it can be considered as a perfect

conductor. Transition to this case is made by means of equating to infinity the wave

number k;.ﬂ in Eq. 2.34. In this case the field amplitudes are:

z_ (1%, (0} (1) u:z:( () S S P (o)
qie, o2 (RB—KG T el sinh(2 1l a )+ 265 (01 12 ) sinh?(k Y d ) tanh(kVa, )

Ay =] = 4
1€ = Jienie, & RERE
(1), (0) (1} (1), 2% _, 21 (1} (o) (2.37)
2 _ g - g A ¥ _ 2 . 2 ., A
4k p? (KE—k5" )l sinh(2 &l d )+ 200 (1" ~12 ) sinh?(k (Y @) coth(k( a, )
15 = I fenze, cz RIRS

where the following notations are made:
RE = kY cosh(kiPd) cosh(kMay) + k¥ sinh(kiVd) sinh(kMa,)
R5 = ':1' cosh(kiPd) sinh(kPa,) + ki sinh(k{Pd) cosh(kPa,)
k':“'fc_’l .:ush(k'il d)cosh(ki¥a,) + kM KZ sinh(k{"d)sinh(kMa, )
RS = k" Kk? cosh(k{Pd) sinh(kMa,) + kP kZ sinh(k{Vd) cosh(k\a,)

. (2.38)
Below the longitudinal electric field, in case of asymmetric filling of plates, is
presented. A structure with perfectly conducting plates, and only one of them covered with

a layer of finite conductivity material is considered.

2 (4, e7Fe1 4 4, Fetr) = j Tzt 2 Ch(2k,ay)
lomiz - E‘ (2.39)
Ayy = —ApShik,(a; + a}}e”‘ ety

E;=]

with
A, =k, (k':_ﬂz — k2) Sh(zdk:f,ﬂ]{(kxc:h(zaikxjsh{dkj.ﬂ] + k;f.ﬂ.s&(zalkxjc&[dkj_ﬂ])

b

, , ) (2.40)
(k;ﬂ K2Ch(2a;k,)sh(dk() - k,K2Sh(2ak,) c:h(dk;_ﬂ])}

2.4 Impedance of two-layer symmetrical flat structure
As it is mentioned in the first chapter, the longitudinal impedance is a Fourier
transformation of normalized longitudinal component of Lorentz force. The general

expression of Lorentz force is:

F(x,y,z) =qlE(x,y,2z) + v X B(x,y,2)] (2.41)
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The longitudinal (z direction) impedance Z(x, v, k_) is a Fourier transformation of
normalized longitudinal component of Lorenz force F.(k,,v.k.). In the case, when a

charge g is traveling along z axis, the longitudinal component of Lorentz force becomes

FZ {:kxl :}‘FJ kz] = q E_Z {:k_‘x.'l .}JJ kzj (2'42)

and consequently the longitudinal impedance becomes
ZyGeyk) = —— [© E (k,,y, ke *=*dk, (2.43)
gc -

Consider the most important and at the same time a quite simple special case:

symmetrical two-layer flat structure. In the case of the perfectly conductive outer layer
(k;f.:} — m) and the particle velocity equal to the velocity of light (k;f.”} =k, v= c}, the

formulae Eq. 2.37 is simplified to the form

 akzk? (kf—k;ﬂz] sinh (2 d)

AIC{SJ =J 16m2e, REESTJRZCEQ (2.44)
where
RY . L:El:' (1) x W
RS Lp x? Ch(ky”d)Ch(koa) £, ), 2 ( Sh(k;"d)Sh(k,as)
Ri xcrul J}f ) (2.45)

This case fairly well simulates the highly conducting outer wall and is a two-
dimensional analogue of a two-layer cylindrical tube, the unique resonant properties were
discovered earlier. In the cylindrical waveguide, with two-layer metal walls under high
conductivity of the thick outer wall and the relatively low conductivity of the thin inner layer,
the radiation of the driving particles has a narrow-band resonance. Resonance is the sole
and formed by single slowly propagating waveguide mode. We show that the same is true

also of the two-dimensional two-layer metal structure.

In the cylindrical case, the resonance frequency is equal to k =./2/a,d (a,

2,8z

waveguide inner radius, d inner layer thickness). Minimum damping (in case of a perfect
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conductor outer layer) is provided by the condition ¢ =%Zucrld (Z, =120m Q, o, -inner

layer conductivity).

First of all, let us demonstrate the single narrow-band extremal nature of the

longitudinal impedance of the two-dimensional two-layer structure.

600

500

400

w
=3
1=}

Im[Z)]], &/m

RG[Z"], .Q/m

200

100

f=w/2x, THz

f=w/2n, THz

Figure 2.3: Real (left) and imaginary (right) parts of the longitudinal impedance of two-layer flat

structure. On the graphs the thicknesses of the inner layer in micrometers are shown.

Figure 2.3 shows a series of real and imaginary component distributions for the
longitudinal impedance of a two-layer planar structure with a perfectly conducting outer

layer (Figure 4). The distance between the plates is 2 cm (half-height a; = 1 cm) and the
conductivity of the inner layer is 2 x 10® 07*m™! The numbers on the curves in the graph
indicate the thickness of the inner layer (um): "1" (1gm), "2" (2um) and so on. As we see,
the longitudinal impedance has a single narrow-band resonance with a resonance
frequency dependent on the thickness of the inner layer. As is shown in Table 2.1, it is

quite well defined by the formula

c 1
.f]"QE.' = 2_ - (2.46)

T ﬂid

where a; = a/2 is a half-height of a structure.
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d (um) 1 2 3 4 5 6 7 8 10 | 16
f... (THz) | 0.477 | 0.338 | 0.276 | 0.239 | 0.214 | 0.195 | 0.180 | 0.169 | 0.151 | 0.119
fonw (THZ) 0.479 | 0.339 | 0.277 | 0.241 | 0.215 | 0.197 | 0.183 | 0.171 | 0.154 | 0.124
f, (THz) | 0.479 | 0.503 | 0.277 | 0.241 | 0.215 | 0.197 | 0.183 | 0.171 | 0.154 | 0.124

3 0.251 | 0.339 | 0.754 | 1.001 | 1.257 | 1.508 | 1.760 | 2.011 | 2.513 | 4.021

Table 2.1: Resonance frequencies of two-layer flat structure, calculated analytically (f;sz),
numerically (fnzx), impedance imaginary component vanishing frequency (f;) and a

parameter g;.

In Table 2.1: line f,.. shows the resonance frequency calculated by Eq. 2.46; in line
fmax the resonance frequencies calculated numerically by the exact formulae are given;

line f; shows the frequency values in which the imaginary components of the impedance

vanish; in the last row the values of the parameter ¢; = izucrldi are given. As the table

shows, there is a good coincidence between the frequency values f,.. and f,,.... Thus, the

resonant frequency in a flat two-layer metal structure, in contrast to the corresponding

—

c 2

cylindrical structure, is defined by Eq. 2.46. In cylindrical case f,.. = i.e. V2 times

2 4|2 d"
higher. There is also a complete coincidence of frequencies f,,.... and f;, i.e. the maximum

value of the impedance is purely real. Comparing the maximum values of the real
component of impedance distributions (Figure 2.3, left) with the corresponding parameter

¢; values, we note the following regularities: impedance reaches the highest value at
d = 4 um, which corresponds to value of parameter ¢; equal to unity. The maximum values

of the other curves (Figure 2.3, left) on either side of it, decrease along with the distance.

As it is shown in Figure 2.3 (left), there is a pair of curves, maximum values of

which are located on the same level. These curves correspond to a pair of mutually ¢;
parameter reverse values. Thus, as it follows from Figure 2.3 and Table 2.1: ¢, & 1/¢,,

and ¢, & 1/¢z. Similar phenomena occur also in a two-layer cylindrical waveguide. The

difference is in the value of the parameter ¢;: ¢ =§Z[,cr1d for planar and ¢ = %zﬂr:rld for

cylindrical cases, i.e. V3 times less. Recall that the resonance frequencies in the planar
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case are V2 times less than in the corresponding cylindrical: e, = c+/1/a,d (a, inner half

height of planar structure) instead of w,.. = ¢4/2/a,d (a, inner radius of cylinder). Such

relations for broadband resonance frequencies have been identified in [93] for the single-
layer resistive two-dimensional flat and cylindrical structures (Figure 2.4). For comparison,
Figure 2.4 shows the longitudinal impedance distributions for a two-layer metal tube with
an ideally conducting outer layer. Its geometric and electromagnetic parameters are
brought into correspondence with the parameters of the flat two-layer metal structure

considered above. The internal radius of the cylinder r; = 1 cm, the conductivity of the

inner layer is ¢ = 2 x 10° 0™'m™?, and its thickness varies between 1 um and 5 pm.

o0l ' ' 3000 ‘ ' ]
2.5 3 2
577 8 N 132
5000 15 S
_ 2000
=174 __4_ | | ] _1 132 G1=1/44
o 4000 3 £ 1000
= 3000 = 0 E
< =1
- = —1000
—2000 {4=1.74 __ ' LY NN 1 dis=1/4,
1000 4 T
5 ]
—3000 25
0 , . , ,
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
f =w/2x, THZ f =w/2x, THz

Figure 2.4: Real (left) and imaginary (right) parts of the longitudinal impedance of two-layer

cylindrical structure. On the graphs, the thicknesses of the inner layer in microns are shown.

The wake potential is defined as the inverse Fourier transform of impedance (2.43)

W, Goy,8) = [__Zy(x,y,k)e7*ds, s=z—ut (2.47)

Figure 2.5 shows the distribution of the longitudinal wake potential for three different
thicknesses of the inner layer at the fixed conductivity. In all three cases the wake

potentials are quasi-periodic functions with the period As given by the resonant frequency

As = ¢/ frozs fraz = if'lf%d- The latter indicates the particle radiation monochromaticity

similar to two-layer cylindrical metal waveguide [74].
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Figure 2.5: Longitudinal wake potential of the two-layer flat structure for different values of inner

layer thickness and the fixed conductivity ¢ = 2 x 10% 0~m™1; half-height of structure a; = 1 cm.

For comparison, the wake function for two unbounded infinite single-layer plates with halt-width

a; =1lcmand o =2 x 10 0™*m™1is given (dashed curve).

Figure 2.6 shows the wake potential distributions for a two-layer cylindrical structure.

400
200
=
]
2
SR
—200
—400

S, Im

Figure 2.6: Longitudinal wake potential of the two-layer cylindrical waveguide for different values of
inner layer thickness and the fixed conductivity & = 2 x 10% 0~*m™%; inner radius of cylinder is
equal to half height of flat structure (Figure 2.5) r; = a; = 1 cm. The designations of the curves

correspond to the thicknesses of the inner coating in microns. The wake potential for unbounded
single-layer resistive cylinder with radius 1y = 1 cm and o = 2 x 10° 2~tm™1 is given in addition

(dashed curve).
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As in the plane case, the wake function of a cylindrical structure is a quasi-

monochromatic oscillating damped function with a single oscillation frequency

frax = iw’lzf“‘ld- The period of the oscillations is &s = ¢/f,... (V2 times less than the one
of the flat case).

Comparing the curves for impedances and wake potentials for a two-layer
cylindrical structure, we notice from Figure 2.4 (curve with label “2.5”), that in the
frequency representation the maximum quality factor (maximum amplitude) of the
impedance is reached at the thickness of inner coating equal to 2.5 ym. In the space-time
representation this correlates with the minimum attenuation of the wake (Figure 2.6, curve
with label “2.5”). In the cylindrical case, the attenuation coefficient is proportional to the

value of { =&+ &71 with & = %Zﬂdcr and attains its minimum value at £ = 1 [74].

The above-mentioned patterns (Figure 2.3 and Figure 2.5) are revealed in case of a
fixed value of the inner layer conductivity. The regularities of the structure with a fixed
thickness of the inner layer are denoted in Figure 2.7. The Figure shows the distribution of

amplitude values of the impedance curve at d= 1lum and

1500 07'm™ < ¢ < 11000 0 *m™? | which corresponds to the range of variation of

¢ = %dazﬂ parameter within 0.3 < { < 2.5,

-43-



£46=1

340}

1.0 1.5 2.0 2;
&= 3'1/2dzoa

Sl
h

th

Figure 2.7: Distribution of resonance values of the two-layer flat structure impedance as a function

of the inner layer conductivity o for fixed geometric parameters(a; = 1em, d =1 um). The

horizontal dashed lines indicate the mutually conjugated values of the conductivities @, and o, for
which ¢ = 1/, with {aiz) = 37Y2dZ,0, (). The red dots indicate the maximum possible level of

impedance for a given thickness of the inner layer d = 1 um.

A significant difference between the cylindrical and flat cases is that in the first case

the optimal condition (for the maximum Q of the system) is the fulfilment of equality

&= %zﬂad = 1. In the second case, when fixing the conductivity value of the inner layer o,
the condition for optimizing the structure is the equality & = izuad =1, i.e. the optimum

layer thickness in this case is determined through its conductivity ¢ by the expression

d=;—ﬂ. On the other hand, the fixed thickness of the inner layer d leads to the

optimization condition £ = %Zuad = 1 and to the optimal conductivity of the layer ¢ = g
o
Thus, for a given conductivity of the inner layer, in order to select the optimum thickness of

the layer, it is necessary to use the relation d = ;—E and for a given layer thickness d, its

o

optimal conductivity is determined by the expression & = i
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Figure 2.8: Parameter optimization of two-dimensional two-layer metal structure with an initial

d = 1 pm thickness fixation of the inner layer.

Figure 2.8 shows the results of a sequential optimization process with the initial

d = 1um thickness fixation of the inner layer. The figure shows 5 curves depicting the
distribution of longitudinal impedances for the half-height of structure a =1 cm. Curve "1”

(black solid curve) is plotted for the thickness of the inner layer d = 1 um with a

conductivity & = 4594 07'm™*, determined by the formula ¢ = i i.e. curve “1” represents

o

the impedance with the highest possible amplitude level, achievable at d = 1 um by means

of a corresponding selection of the inner layer conductivity. Afterwards, fixing the received
value of conductivity, we determine the optimum value of layer thickness by the formula

d, = = 1.732 um, wich is optimal for this value of conductivity. As a result, we obtain

2
Z, T
curve 2 (red solid curve). Optimization leads to an increase in the thickness of the inner

layer and, consequently, to a decrease in the resonant frequency. Further optimization

again assumes the use of the formula ¢, =—. As a result, we have curve “3” with a

V3
zl:l

FL

1

reduced conductivity a; = 2653 07'm™! and a resonance conserved frequency. This

2 and o, =2
g =
P ' Zpd;’

procedure, consisting of the successive application of formulas d; =
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can be repeated many times, successively increasing the thickness of the inner layer and

its conductivity and decreasing the resonance frequency (Figure 2.8).

An alternative way to perform a series of optimizations is shown in Figure 2.9. It is
obtained by firstly fixing the conductivity of the inner layer of the structure. In the figure

curve “1” corresponds to the originally selected conductivity of the inner layer

o= 2x10° 07'm™ 1. Its thickness is optimized using the formula d = — = 3.98 um. Curve

2
ZnF
“2” (red, dashed) is obtained by optimizing the conductivity for the resulting length:

a, =£= 1154 0 m™1. The resonant frequency does not change in this case. The

o
further optimization step, corresponding to curve “3”, is carried out using the formula

3
dz_

o Zpy Tr

= 6.89 um. This optimization stage is accompanied by an increase in the

thickness of inner layer and by a decrease of resonant frequency. At the next stage, the

optimum  conductivity value is determined for the layer new thickness

—_—

<3

oy = = 385 0" Ym™?! (curve “3”) and so on.

oez

800
-6 L6<—55<—4\ 4¢3 |32 \ 21
600 n 6 Y i
£
S 400
N
200}
0 T
0.10 0.15 0.20 0.25 0.30

f =w/2n, THz

Figure 2.9: Optimization of the parameters of a two-dimensional two-layer metal structure with an

initial fixation of the inner layer conductivity & = 2 x 10% 0~ tm ™1,

Thus, there are two different possibilities to optimize a two-dimensional two-layer
metal structure: the first (Figure 2.8) is accompanied by an increase of material

conductivity of the inner layer, while the second (Figure 2.9) lowers it.
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The practical significance of the above study is the ability to correctly select the
thickness of the inner layer and the electromagnetic characteristics of the material filling it.
This, for example, was successfully done when experimentally testing the resonant
properties of a two-layer metal structure [90] with severe limitations on the measuring

equipment, the frequency range of which was limited by 14 GHz bandwidth.

6000 —_— — — s S
o =2000 Q 1m ! o = 4600 Q" 1m™!
5000 + n
d=23um d=1um
. 4000 t
S 1
= 3000} {=——=42y0d=1
< V3
= 2000 +
1000 +
0 L
0.3 0.4 0.5 0.6 0.7 0.8
f = w/2n, THz

Figure: 2.10: Longitudinal impedance of cylindrical pipe with optimized parameters: optimal inner

layer width d = 2.3 um for given conductivity & = 2000 -*m™? (left one); optimal inner layer

conductivity o = 4600 0~1m ™! for given layer width @ = 1 um (right one).

In the case of a two-layer cylindrical structure, the picture is much simpler. In this

case, the character of narrow-band resonance of the impedance curve is completely due

to the unity proximity of parameter { = %zﬁad [66]. The impedance curve is completely

determined by setting two parameters (£, a; £,d or o, d) out of three (£, g, d).

2.5 Approximate analytical representation of impedance

The integral representation of the longitudinal impedance (Eq. 2.43 — Eq. 2.45) is
accurate (exact) and, as was shown above, it is possible to calculate both the impedance
and the wake potential (represented in the form of a double integral (Eq. 2.47)). For
calculation, a corresponding software package has been developed by using the software
package Mathematica. The integral form of the expressions for the impedance and the

wake function, as well as the complexity of the integrand leads, however, to some
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difficulties in interpreting them. Integration by means of its contour deformation and its
transfer to the complex plane is associated by taking into account (in addition to complex
poles of denominator) also the integration along the cuts on Riemann surface. The latter

circumstance is  connected with the  non-analyticity of the  function

k;f_ﬂ = k2 + (1 —"Vutte)E2, which leads to the non-analyticity of the denominator of
the integrand as a whole.

The analysis of the integrand in (Eq. 2.43) is performed taking into account the

smallness of parameter d (d << a,), characterizing the thickness of the inner layer. For this

purpose, we rewrite the function 4,- (Eq. 2.44) in the form

_ AZky 0k 5 _ FcHc

where

RS = kM ch(k,a)cth(k{Yd) + k,Sh(k,a,)

) . . (2.49)
RS = k,(k +j Zyo)Chik,a,) + kkiVSh(k,a,)Th(k{Md)
After multiplication, the denominator in Eq. 2.48 takes the form
R =kPk,(k +j Zyo) Ch? (k,a,) Ceh(kVd) +
(2.50)

%(kgl?'zk + K2k + chr}) Sh(2k,a;) + kS k, kSh?(k,a,)Th(k{Pd)
Further, we expand R in series with respect to the small parameter d and leave the
first three terms of the expansion (d7%,d% and d). As a result, we get
R~u_,/d+u, +u,d (2.51)
where
2
us =k k, ((k + j Zo0)Ch? (koay) + 3kSh® (k,a;))
2
Up =2 (kiﬂ k+ k2(k + ZUJ])Sh(kaalj (2.52)
Uy = kx{:k + _.‘I ZDJjChE (kxalj

Expression 2.51, with taking into account Eqg. 2.52, no longer contains square roots

of the integration variables and is analytical.
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Further, supposing k2 « Z,ok , (in the cylindrical case this approximation is
equivalent to the one for the permittivity of the metal = * j o /w, which is valid for not very

large frequencies) we have:
COLI
vy R —jiyok (2.53)

and instead of Eq. 2.52, we can write

u, = —i jZookk,((k + j Zyo) Ch? (k,a,) + 3kSh?(k,.a,))
Uy = 51 (kK2 + j Zyo (k2 — k2))Sh(2k,a;) (2.54)
U_y = kx(k +_-, ZDJ]ChE (kxalj

Figures (2.11-2.15) show the comparison of calculations of exact formulae with the
approximated ones (Eq. 2.51 — Eq. 2.54) for three different half-widths of a plane structure:
a, = 10 cm (Figure 2.11 and Figure 2.12), a, = 1 em (Figure 2.13 and Figure 2.14) and
a, = 1 mm (Figure 2.15). The thickness of the inner layer is chosen equal to 7 um. Dashed
red curves represent the results obtained from exact formulae. The approximate results

are represented by solid black curves.
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Fig. 2.11: Real (left) and imaginary (right) components of the longitudinal impedance of a two-layer
metal structure, calculated by exact formulae (red, dashed) and using the approximation (2.48,
2.51) (black, solid): 1 - =2 x10* 0 *m™1, { = 30.5; 2-0=2 x10* 0"tm™1, { = 3.05;

3-0=650"1m {=1,a, =10ecm, d =7 uym.
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Fig. 2.12. Real (left) and imaginary (right) components of the longitudinal impedance of a two-layer
metal structure, calculated by exact formulae (dashed) and using the approximation (2.48, 2.51)
(black, solid): 1 - ¢ =2 % 10® 0~'m™%, { =135; 2-0=2 x10°0"tm™%, { =1523;
a1 =10cm, d =7 um.

As can be seen from Figure 2.11 and Figure 2.13, for relatively large values of the
half-widths of the structure (1 em = a; = 10 c¢m) there is a complete coincidence of the
approximation calculations with the exact ones even for much larger (in comparison with

unity) values of the parameter { = %Zud (up to {~30). Significant discrepancies occur at

large values of this parameter {~100 (Figure 2.12 and Figure 2.14).

600 100 3ﬁ\
500 | 0
1
£ . £
£ 400 £ 100 )
Ny 300 N 200
& =
& k|
200 —300
100} —400
3
0 L L L L L L L
0.10 0.15 0.20 0.25 0.30 0.0 0.1 0.2 0.3 0.4
{=w/2x, THz f =w/2n, THz

Fig. 2.13: Real (left) and imaginary (right) components of the longitudinal impedance of a two-layer
metal structure, calculated by exact formulae (red, dashed) and using the approximation (2.48,
2.51) (black, solid): 1 - ¢ =2 = 10* n~tm™1, { = 30.5; 2-0=2 x10° 0™¥m™1, { = 3.05;

3-0=6560"tm1, {=1a,=1cm, d=7pum.
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Im Z);, {/m

: 0.0 0.5 1.0 15 2.0
0.0 0.5 L0 15 2.0
f=o/27, THz
f = /27, THz

Fig. 2.14: Real (left) and imaginary (right) components of the longitudinal impedance of a two-layer
metal structure, calculated by exact formulae (dashed) and using the approximation (2.48, 2.51)
(black, solid): 1 - =2 x10° Q" 1m™1, { =135; 2-0=2 x10° 0 1m™!, {=1523;
ay=1cm, d =7 um.

As follows from Figure 2.15, a decrease in the gap between the plates leads to a
toughening of requirement ¢ to be close to unity. Thus, for { = 30 (curve “1” on Figure 2.15)

there is an essential discrepancy between the exact and approximate solutions, whereas

for { = 7.6 (curve “2” on Figure 2.15) they practically coincide.
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' 2000

Im Z);, {fm

Re Z)|

1000 - —~1000

—2000
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 25
f=w/2x, THz f=w/2n, THz

Fig. 2.15: Real (left) and imaginary (right) components of the longitudinal impedance of a two-layer
metal structure, calculated by exact formulae (dashed) and using the approximation (2.48, 2.51)
(black, solid): 1 - ¢ =2 x10* 0~tm™1, { = 30.5; 2-0=5x108 0"'m™, { =76

a; =1mm, d =7 uym,

Further simplification of the integrand (Eq. 2.50 — Eq. 2.53) is achieved by replacing
the hypergeometric functions by their decomposition. The expansions in a series of

hypergeometric functions Sh(x) and Ch(x) have the following form [94]:
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{xZﬂ:Z
ﬂl{gﬂ:]

o xzn—i
=1 (ap_1)Y

Sh(x) = Ch(x) = (2.55)

Inserting Eqg. 2.55 into Eqg. 2.54 and leaving the first N terms of the expansion in

them, instead of Eq. 2.48 we have the following:

. ﬁzt}ﬂ'k
A = 2 (2.56)
where
R'~u',/d+uy+uid (2.57)
and
uj =2 jkoZ,((2k — i0Z,) — (4k + i0Z,)Chy (2a1k;))
w, = i (k+jZy0)(1+ Chy(2a4k,) (2.58)
, ] hy(2kpay)
Ug = El(kkfc +j Zoo (ks — kzj)s : f:x
with
xzn— et
ShN(X)'_ n 1 (2n—1)V ChN(x)-_ n 1 (20 (2.59)

In this approximation, the denominator (Eqg. 2.57) is represented in the form of an

algebraic polynomial of 2N-th order in powers of k.,
R = Y30 a,k] (2.60)
and can be written in a form containing its complex roots x;, i = 1,2, ...2N

= a,y [17Y, (kx — x;) (2.61)

Thus, Eq. 2.56 can be rewritten as follows:

ch, Zc,c:r'k
2 2N el
87 agy T2 (g

qu =

(2.62)

The longitudinal impedance, which is an integral of this expression over k.., can

explicitly be expressed in terms of the roots x; of the equation B'(k,) = 0
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amagy T ! TT32 ey =)
i=n

Z,=["_Acdk, =— (2.63)

The roots x; of the equation B'(k,) = 0 are determined numerically for an arbitrary
value of N with the help of the software package Mathematica.

The longitudinal impedance of a two-layer metal structure calculated by exact and
approximate formulas formulae is presented in Figure 2.16. In the figure, the black solid

impedance curves are calculated using the approximate equations 2.51 and 2.53, the blue

dashed ones are from Eq. 2.63 for = = 5 and the red dashed ones are for the impedances

calculated by exact formula.
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0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0 2.5
f=w/2r, THz f=w/2n, THz

Fig. 2.16: Real (left) and imaginary (right) components of the longitudinal impedance of a two-layer
metal structure, calculated by exact formulae (red, dashed), using the approximation (2.48, 2.51)
(black, solid) and using approximation (2.60) for n=5 (blue, dashed): 1 -
=2 x10* 0"im™1,{ = 30.5; 2-0=5 %10 0"tm™L,{ =78; gy = 1mm,d =7 um,

In Figure 2.16, the impedance curves calculated using the asymptotic (Eq. 2.62) are

superimposed on the impedance curves shown in Fig. 2.15.

2.6 Summary

A method of calculating the longitudinal impedance of a multilayer two-dimensional
flat structure is presented. The matrix formalism that allows to couple electromagnetic field
components in the inner and outer regions of the structure has been developed. Non-
ultrarelativistic particle radiation fields in the multilayer flat symmetric and asymmetric

structure are obtained. Explicit expressions of the radiation fields in two-layer structure
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with unbounded external walls and in single-layer unbounded structure are derived as a
special case of fields in multilayer structure.

An ultrarelativistic particle radiation in a symmetrical two-layer flat structure with
perfectly conducting outer layer is derived. Longitudinal impedance of this structure with
low conductivity thin inner layer and high conductivity thick outer layer wall is numerically

obtained. It is shown that the impedance has a narrow-band resonance. The resonance

frequency dependence on structure parameters is obtained. Parameter ¢; = izﬂgldi is

introduced, which describes the maximum values of impedance. It is shown that

impedances of structures with reverse ¢ parameters (¢; * ¢; = 1) have the same maximum

values and reach their highest maximum when ¢; are equal to unity.
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Chapter 3: Rectangular resonator with two-layer vertical walls

3.1 Introduction

In this chapter, dispersion relations are obtained for the electromagnetic eigen-
oscillations in a rectangular resonator with ideally conducting walls. The horizontal (top
and bottom) walls of this resonator are covered from inside by a thin low-conductive layer.
In the second chapter it is shown that double-layer parallel plates for appropriate
parameters have a distinct, narrow band resonance. In this chapter rectangular copper
cavity with two-layer horizontal walls is observed. Here, unlike the parallel plates, one has
a discrete set of wavenumbers in all three degrees of freedom. Compared with two-
dimensional structure, the pattern of modal frequency distribution in such a resonator is
distorted: in addition to the fundamental resonance frequency, a set of secondary
resonances, caused by side walls, exists. It is important to note the presence of the
fundamental resonance, fixed by measurements, and caused by the two-layer horizontal
cavity walls. To be able to distinguish the main mode from secondary resonances, finite
wall resonator model is developed and resonance frequencies of the resonator are

calculated.

In this chapter secondary resonances caused by side walls are obtained. The
criterions for the choice of resonator materials are interpreted and resonance frequencies
are predicted via the resonator model with ideal conducting walls. The choice is

conditioned by the frequency bandwidth of the experimental set-up (14 GHz) and the

predicted single resonance for two parallel laminated plates (chapter 2). The electro-
dynamical properties of test resonator model (perfectly conducting rectangular cavity with
inner low conducting layers) are studied. Resonance frequencies of the test structure are
experimentally measured and a comparison with the predicted resonant frequencies of
resonator model and two parallel double-layer plates is done. A good agreement between

these results is obtained.
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The experimentally obtained resonance frequencies are subjected to the laws
specific to this kind of structures: their value decreases with the increasing height of the
cavity. At the same time, the difference between the measured and calculated values
increases. By decreasing a structure height, the contribution of its sidewalls also
decreases, that is why for a structure with small height there is a good agreement between

experimental and theoretical resonant frequencies.

3.2 IHLCC cavity with ideally conductive walls

To analytically obtain dispersion relations for a tested cavity, a simplified resonator
model is studied. It is assumed that all four sidewalls of internal horizontal low conductive
coatings (IHLCC) cavity are ideally conductive materials, and the upper and lower ideally

conductive walls are covered by a thin layer of low-conductive material (Fig 3.1).

: /
L |

Figure 3.1: IHLCC cavity shape.

This model is very close to the cavity with copper walls, so it is expected that the
analytical results would be in a good agreement with the ones of tested cavity. Exact
dispersion equations may be obtained for a similar structure by the method of partial areas.

In this case, three regions may be distinguished:

1.0=x=bh 0=z=1l top low conductivity material plate
2. 0=x=bh 0=z=1 vacuum chamber of cavity (3.1)
3.0=x=bh 0=sz=1l bottom low conductivity material plate
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Electric and magnetic fields of cavity in each of the three regions are sought in the

following form:

E, =E™ + E® B, = (jke) trotE, i=123 (3.2)
with
(1) (1) y
Exa‘ Axa’ Ch(Q;y)
{;2:, = {2’:, ) Cos(k,x)Sin(k.z)
Ex,i Ax,; Sh(Q;y) )
(1) (1) \
Ev i Ap ESh(Qa.}’]
(=) @ - Sin(k,.x)Sin(k,z) (3.3)
E'L?,i A'Lr,i Ch EQL}I)J
(1) (1) \
Ezi Azi Ch(Q;y)
(=) . )  Sin(k,x)Cos(k,z)
Ez,i Az,i Sh (QL}J] J

where A% are arbitrary amplitudes, @, ; = K, @, = k,, and

- A

K=\Jk2(1—&'p)+k2 k=== [kZ+kZ-k2, (3.4)

p —_—
The boundary conditions on the perfectly conducting sidewalls are

E

X1

Ev,i:Ez,i:D at?'CZ':],'X:f]’

=E,; =0 = =
Y z2=0,z=1" 4,3 (3.5)

To satisfy these conditions, horizontal wavenumbers should be in the form of

, » transverse vertical wavenumbers

k,=(m-— 1)5, k.,=(n—-1)>, mn =123... k
should be determined from boundary conditions on low-conductive layer surfaces and

vertical walls.

On vacuum-low conductive layer borders, from the continuity of tangential electric
and magnetic field components, we have:

Ex,l = Ex,?: Ez,l = Ez,z

Ble = Bx,Z: Bz}l = BZ,E aty = afZ (3.6)

Ex,? = Ex,EJ Ez,? = Ez,a

Bx,z = Bx,g: Bng = B&3 at y = —a/2 (3.7)
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On the outer boundaries, between low conductive layers and ideal conductors,

electrical tangential components of fields must vanish:

E.‘X-',l = 01 E_g}j_ =0 y = a.’zz
EX,E = 0, EZ,E =1 at y = _a,rzvz (38)
g2 (12)

Using Maxwell's equation divE; ™™ = 0, the amplitudes A_;~ can be expressed by

A% and A;ff}. Thus, we have a linear homogeneous system consisting of 12 equations
(Eqg. 3.6 - Eq. 3.8) and containing the same number of indeterminate coefficients: A:f},

Ai_jf} with i = 1,2,3. The condition for the existence of non-trivial solutions of this system is

the vanishing of its determinant:

D =PP,P,P, =0 (3.9)
where
P, = KnymCh(dK)Sh(ak,;) + k,,;Sh(dK ;) Ch(ak,;) (3.10.a)
P, = Ky Ch(dK ) )Ch(askyf) + ks Sh(AK y)Sh(as kyp ) (3.10.b)
P, = —K,, .k’ Sh(dK,,,)Ch(ak, ;) — k, k* &'t Ch(dK,,,,)Sh(ak,;) (3.10.c)
P, = —k, ' 1 Ch(dK ) Ch(aky;) — K, K Sh(AK ,,, )Sh(ak, ) (3.10.d)
where K, = k2, + k2, — k2='y', k=== w'llki” +kZ, — kI, mmf=123,..

As a result we have four independent dispersion equations:
P,=0,i=1,2,34 (3.11)

Each of these four equations includes three eigenvalues: k.,.k., and k,: .
Moreover, the horizontal transverse k.., and longitudinal k_,, wave numbers are fixed for
given numbers n and m. They form two infinite sequences generated by integer indices m
and n . Thus, each of equations (Eq. 3.10.a -3.10d) defines the sequence of

kye(f=123,..) values for each fixed combination of indices m and n. From these
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equations we get sequences of eigenvalues k, =k, (@) (i=1234) for =1,2,3..., which

mnf

are dependent on m and .

Let us compare the obtained expressions with the corresponding ones, obtained for
the two-layer flat structure in chapter 1 (1.24):
T, = ki ch(dk(® )sh(ak(” ) + k(¥ sh(dk(® )ch(ak(” )
T, = ki ch(dk(® )ch(ak(? ) + k7 sh(dk P )sh(ak” )
Ty = —k kel Ch( k(D )Sh(ak (¥ ) — kP 25k dk® ) ch(ak )
T, = —k k2l Ch( k(P ) ch(akl® ) — kP k2sh(ak P )sh(ak )

Obviously, there is a correspondence: P, « T,,i =1,23,4 . A complete

(3.12)

coincidence cannot take place, since in the case of an infinite two-dimensional

structure, the variables k, and k. are integration variables, but in the case of a
resonator, the wave numbers k,, and k., are discrete and fixed for specified
indexes n and m.

The standing wave excited in the resonator consists of the imposition of two

traveling waves propagating in opposite directions: a wave incident on the front wall of the

resonator (E; ) and reflected from it (E, ):

_ _ (thz—wt)
Ex,v,z =E lxy.z + EE,x,y,z’ E 1.2xy.2 — Al,l:»«f,y,z'dj‘r z (3.13)

o

The wave El can serve as an analog of a wave propagating in an infinite planar
two-layer structure, generated by a particle. Since its frequency w« in this case is complex,

it can be represented in the form:

e ey
w=cj/A+jB=c f@—l—jcﬁ'i‘gn B Ilw (3.14)

with kyr = kyr + ik, A=k2, + kI, — k> + k7, B =2k, k.
The real part of (3.14) determines the phase velocity of the wave, and the imaginary

part characterizes its damping. The phase velocity of the wave, incident on the front wall of

the resonator, is determined by the following relation:
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Ref{w}
Uph = Tz (3.15)

This speed can be either more (at kZ, = kZ2,.) or less (at k2, < kZ,.) than the speed

of light, where

K2on = K2 — K2 — K2 & 2k, J 2k K + k2, (3.16)

Equality k2, = kZ,, (at which the wave has a phase velocity equal to the speed of
light) cannot be fulfilled exactly because k7, k.7 and k2, are discrete and fixed. The

condition for the greatest closeness of the phase velocity of a wave to the velocity of light

is min|kZ,—kZ,.|. The mode (or set of modes), that satisfies this requirement, forms the

main resonance arising as a result of the interactions of elementary free oscillations.

3.3 Pure copper cavity. Measurements and interpretation
To check the accuracy of manufacturing, first of all experimentally obtained

resonances of pure copper cavity are compared with the theoretical results of the cavity.

The resonant behavior of pure copper cavity has experimentally been investigated

at CANDLE SRI by measuring the transmission S-parameter §,, (forward voltage gain) [95]

of the testing cavity, using Network Analyzer ZVB14 [96]. The measurements are

performed for the rectangular cross-section copper cavities.

The measured narrow-band extremes are compared with the standing wave
eigenfrequencies of rectangular cavity with perfectly conducting walls [97], having the

same dimensions (a' = 22,32,42 mm, b = 65 mm,l = 200 mm):

ifm=1 nqg=1

frang = 5\((""_,1)2+ (E)E + (‘Ll)z mmn,q=123.. J{ifn=1mq>1 (317
ifg=1 mnz=1

Note that in IHLCC cavity, when d = 0, both equations (P, and P,) are transformed
to the expression for the vertical wave number of the ideal resonator (Eq. 3.12):
Sh[ak}.) = 0 with solution k, = jm(g —1)/a. Similarly, in the limiting case of K =k,

(¢'w’ = 1) we have both from (Eq. 3.10.a) and (Eq. 3.10.b): Sh(a'k,) = 0 with solution
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k,=jm(g —1)/a’. In these extreme cases, all three eigenvalues are independent from

each other.
n'=22cm a'=32cm
N m n q Exp. Calc. N m n q Exp. Calc.
1 2 2 6 8.04 8.116 1 1 1 12 8.25 8.25
2 2 2 6 8.12 8.116 2 1 4 8 8.7 8.69
3 2 2 7 8.48 8.489 3 1 1 13 9.06 9
4 2 2 8 8.86 8.909 4 3 1 2 9.4 9.405
5 1 2 13 9.31 9.291 5 1 3 12 9.46 | 9.453
6 2 2 9 9.39 9.371 6 3 2 2 9.69 | 9.684
7 2 1 10 9.56 9.594 7 2 3 11 9.97 | 9.976
8 1 4 10 9.65 9.670 8 3 2 6 10.36 | 10.358
9 1 5 6 9.92 9.963 9 3 3 5 10.88 | 10.872
10 1 2 14 10.04 | 10.019 | 10 3 2 8 10.97 | 10.99
11 2 4 5 10.15 | 10.169 | 11 1 6 1 11.58 | 11.539
12 1 5 7 10.28 | 10.269 | 12 1 6 3 11.65 | 11.636
13 1 1 15 10.51 | 10.50 13 3 4 3 11.76 | 11.750
14 1 5 8 106 | 10.619 | 14 1 6 5 11.91 | 11.922
15 1 5 9 11.01 | 11.009 | 15 1 4 14 | 11.96 | 11.960
16 1 3 15 11.46 | 11.470 | 16 3 3 9 12.05 | 12.050
17 1 6 5 11.93 | 11.922 | 17 1 3 16 | 12.16 | 12.160
18 1 5 12 12.3 12.38 18 3 3 10 | 12.43 | 12.440
19 2 1 15 1253 | 12519 | 19 3 2 12 12.7 | 12.700
20 2 5 8 12.605 | 12.62 20 3 1 13 13.0 | 12.996
21 2 2 15 12.71 12.73 21 2 2 17 13.11 | 13.088
22 1 5 13 129 | 12892 | 22 3 4 10 | 13.48 | 13.468
23 2 1 16 13.14 | 13.155
24 2 3 15 13.33 | 13.343
25 2 6 13.47 | 13.486
26 2 4 6 13.57 | 13.59
27 2 5 11 13.7 | 13.709
28 2 1 17 13.8 | 13.802
29 2 3 16 13.94 | 13.941
30 1 5 15 13.98 | 13.980

Table 3.1: Comparison of the measured (Exp., GHz) and calculated (Calc., GHz) eigenfrequency

values of a rectangular cavity of 22 cm and 32 cm height.

Tables 3.1 and 3.2 show the correlation of eigenfrequencies of the cavity with the

perfectly conducting walls, calculated by Eq. 3.12, with measured peaks.

-61-




a' =42 cm

N m n q Exp. Calc. N m n q Exp. Calc.
1 1 4 7 4.12 4.129 10 1 3 10 8.18 | 8.177
2 1 4 8 4.33 4.344 11 1 2 12 8.56 | 8.5666
3 1 5 2 4.65 4.63 12 2 1 12 8.98 | 8.9899
4 1 2 7 5.04 5.057 13 1 4 9 9.17 | 9.1601
5 1 3 5 5.52 5.505 14 1 3 12 9.45 | 9.4533
6 1 3 16 6.08 6.080 15 2 5 2 9.93 | 9.9260

2 3 5 6.66 6.562 16 3 3 9 10.42 | 10.408
! 1 1 10 6.75 17 3 3 10 10.84 | 10.857
8 1 4 5 7.55 7.545 18 3 4 7 10.90 | 10.918
9 2 3 8 7.85 7.850

Table 3.2: Comparison of the measured (Exp., GHz) and calculated (Calc., GHz) values of the

eigenfrequencies of a rectangular cavity with 42 cm height.

As can be seen from Table 3.1 and 3.2, there is a good matching (up to the second
decimal) between experimentally obtained and calculated eigenvalues. This is achieved
due to the high precision machining of internal surfaces of the cavity with keeping

dimensional accuracy.

The main result of the above research is the establishment of agreement of
experimentally obtained narrowband peaks with resonant frequencies of the rectangular
copper cavities. This means that the accuracy of manufacturing of copper resonator
component allows to obtain the corresponding frequency distribution for the IHLCC cavity

with acceptable distortions.

3.4 IHLCC cavity resonance frequency comparison with experimental results

The transmission §,, parameters of IHLCC cavity have been measured to perform

a comparison between resonant behaviors of real structure and IHLCC.

The defining parameters of the cavity are the following: the height of the inner

¢
o

—=, the width b and length [ of

-
r

chamber a, the thickness of the low conductive layer d =

the chamber, conductivity o; and relative dielectric constant =, of low conductive layer.

The choice of material and the thickness of a low-conductive metallic layer,
covering the top and bottom walls of cavity, is conditioned by following two factors:
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1. The network analyzer ZVB14 provides spectral distribution in the range of 0 — 14 GH=z.
The resonance frequency is determined roughly by the geometrical parameters of

c

the cavity cross-section: f,.. ® —./2/ad, which depends on the thickness of the

2

inner layer d and structure height a. Having a bunch in a structure imposes a lower
limit on its height (a~1 cm). Also with the height increase, the impedance decreases,
so the height should be near to its lower limit. For a structure with 2 — 4 cm height,
the thickness of the coating should be about 1 — 0.5mm to have a resonance
frequency in 0 — 14 GHz range, given by the measuring device.

2. For the double-layer parallel plates the condition of resonance ¢ # Z,g,d~1 is
derived in chapter 2. Assuming that for the resonator the condition should be
approximately the same, the low conducting material is chosen to have g, ~2.65 SXm

conductivity for a layer with d = 1 mm thickness.

As a result, germanium (Ge) crystal plates with sizes
l=30cm, b=6cm, d=1mmwith conductivity ; = 2 27'm™* [98] and the relative
dielectric constant £; = 16, were selected. Measurements were carried out for three
different heights:a =2 cm,a =3 emanda=4cm (a' = 22ecm,a’ = 3.2 cm and

a' = 4.2 cm, respectively).

For the above-given vertical apertures and the Ge layer thickness, the skin depth at

resonant frequency & is larger than the Ge layer thickness by factor of 3 (&/d = 3). The

predicted resonant frequencies of the corresponding two parallel plates lie in the X-Band

region between 9 — 15 GHz=.

3.4.1 Comparison with flat two-layer structure

The measured resonant frequencies of the test cavity with laminated horizontal
walls have been compared with the ones of the corresponding two-dimensional two-layer

structure (outer layer is assumed as a perfect conductor) with inner 1 mm Ge layers.

The longitudinal impedance of two parallel infinite laminated plates is derived in the

second chapter of the dissertation. For an ultrarelativistic particle moving parallel with the
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plates along geometrical axis of the structure with perfectly conducting outer and low
conducting inner metallic layers, the longitudinal impedance can be presented as (Eq. 2.15,

Eq. 2.33, Eq. 2.43 and Eq. 2.44)

Z oo Jru(p® —u?)S5hizpd)
Z" = f

1672 Y — o0 5,5,

du (3.18)

where

S; = pCh(pd)Ch(ua) + uSh(pd)Sh(ua)

z A
S, = (W + k? — p?)Ch(pd)Ch(ua) + %Sh(pd]ﬁ'h(ua] (3.19)
with &, = a/2, k = w/c longitudinal wavenumber and
K=\u+k*(1—¢)—jkZyo (3.20)

Figure 3.2 presents the longitudinal impedance curves for such parallel laminated
plates with 2 em, 3 cm and 4 cm vertical apertures. The distances between the plates and
material of the inner layers (germanium) are the same as in the tested cavities. The
dashed lines indicate the measured main resonant frequencies of the corresponding

copper cavities with laminated top and bottom walls.

4000 ‘ ; .
12.32 GHz | | 12.65 GHz
]
1142 GHz,
3000 11.03 GHz
g 10.60 GHz |
2 2000 9.90 GHz
N
1000
4cm
0 | L I
6 8 10 12 14 16 18 20
f=w/2n, GHz

Figure 3.2: The longitudinal impedance of perfect conductor-Ge infinite parallel plates (solid
lines) and measured resonant frequencies of copper cavity with Ge inner layers at the top and

bottom walls (dashed lines). The Ge layer thickness is 1 mm, the vertical apertures are
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2cm, 3cm and 4 cm.

Figure 3.2 shows that there is a good agreement between measured and calculated

resonant frequencies. The relative difference in resonant frequency is 2.6 % for 2 cm,
3.5 % for 3 cm and 7 % for 4 cm aperture cavities. The difference is caused mainly due to

the limited volume of the cavity: the presence of highly conductive sidewalls. The presence
of additional bursts is the result of the display of modal structure of the test cavity. Their
contribution is weakened by the distance decrease between plates. Thus, by decreasing
the height of cavity, its resonant characteristics approach to the characteristics of a flat

structure consisting of two identical two-layer parallel plates.

3.4.2 Comparison with the theoretical results of IHLCC resonator

Resonant frequencies of the cavity with outer perfectly conducting walls and inner
germanium layers at the top and bottom walls can be obtained from Eq. 3.11.
Experimentally fixed resonances (Figure 3.5) can be identified as concrete solutions

(modes) of dispersion relations given by Eq. 3.11. Choosing the required mode (k...k.) the

main resonance frequencies can be obtained for our IHLCC cavity with ideally conductive
walls. Table 3.3 shows the comparison of experimentally observed resonance frequencies
of the test cavity (“Experiment” in table) and analytically calculated resonances of cavity

with outer perfectly conducting walls (“Calculated” in table).

Aperture Experiment Calculated Rel. dif.
2cm 1232 GH=z 12.29 GH= 0.2 9%
3 cm 1142 GH= 11.36 GH= 0.5 094
4 rm 106 GH=z 1049 GH= 1%

Table 3.3: The main resonances obtained experimentally and calculated for a cavity with

perfectly conducting walls and inner Ge layers at the top and bottom walls.

As can be seen from Table 3.3, there is a good agreement between the measured
and calculated results. The relative differences between the calculated and measured

frequencies (“Rel. dif.” in table) are below 1 %.

As it was noted earlier (see section 3.2), free electromagnetic waves formed in the

resonator form standing waves, which can be represented as the superimposition of two
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oppositely directed traveling waves: incident on the front wall of the resonator and going in
the opposite direction (see Eg.3.13). The phase velocities of these waves are equal in
absolute value and opposite in sign (since they propagate in opposite directions):

v,, = cRe(k)/k, with k = % = ki +k; —k;; k. and k_ are real numbers determined by

the indices m and n and k, is determined by the equations (3.10) and is a set of complex

numbers. Thus, k is a complex number, the real part of which determines a discrete series
of eigenfrequencies of the resonator, and its imaginary part, caused by the finite
conductivity of the inner layers covering the inside walls, determines the finite Q of the
resonator at its eigen frequencies. Determining k from the equations (3.10), we can obtain
the dependence of the phase velocity of the partial traveling waves in the cavity,
depending on the frequency. As noted earlier, the exact equality of the phase velocity of
the partial wave in the resonator with the speed of light is unlikely. Investigations of the
equation solutions (3.10) show that in the frequency range 0 - 14 GHz with the

corresponding cavity parameters, only equation £, = 0 (3.10d) give solutions for slow

partial waves. The corresponding graphs are shown in Figure 3.3.

1.3 . «f=12.65 GHz 1.3 22.8 ' f=11.03 GHz 1.3 ' [ =99GHz
1 calculated - | calculated ! calculated
\

. ] 2. . "
12 ' 12} 317 239 ! 12 =104 GHz
. . ! . . . ' measured

111 -
151617 °
f=1235 Hllf:
casured 1 X |
5 10 15 20 4 6 8 10 12 14 5 10 15 20
f, GHz f, GHz f,GHz

Figure 3.3: The phase velocities of the partial waves in the resonator for modes £ ¢, (solutions of

equation P, =0)forn =2, f =12, m=1,234, .., a = 1 cm (left), 1.5 cm (middle), @ = 2 cm (right).

Each of the graphs shows two sequences (discrete curves) of phase velocities of

the modes: P,»4,, and Py, -, With monotonically decreasing phase velocities. On all three
graphs, a discrete curve depicting a sequence of modes P,.., Iintersects the
synchronization line v, /c = 1. The second discrete curve containing the phase velocities

of the modes P11, is located above the line v, /e = 1, gradually approaching it as the

frequency increases and intersecting with the first line. In the first and second cases
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(for a=1cm and a=15cm ) the measured fundamental resonance frequency

corresponds to the intersection point of two discrete lines adjacent to the synchronization
line and is calculated (for two — dimensional planar case) close to the intersection point of
the first curve and line of synchronization. In the third case, the situation is reversed: the
measured fundamental resonance frequency corresponds to the intersection point of the

first curve and line of synchronization.

It is obvious, that in all three cases, the main resonance is formed by several modes

with close frequencies and close phase velocities: modes Pu;i1z: Pyziqe:

Pysoas:Payzoie Panzgr fOr a=1em | Pysga3.Pusiar Pas1as: Paoo1zs Paaoaar Pasaas for

Ay g Ay e i

a=15cmand Pyz113. Pa0 114, Payza15: Payz 013, Payzp14s Payzogs fOra = 2em,

3.5 Summary
This chapter is a logical follow-up of the study of high frequency single-mode

accelerating structures with laminated metallic walls (flat and cylindrical) [66, 75, 89, 99].

A theoretical model of a rectangular cavity with horizontal double layer metallic
walls is created and electro-dynamic properties of the model are studied. The model with
sufficient accuracy displays a test device and enables to clearly interpret the measurement
results. Extreme frequencies on the experimental curves have been correlated with the
respective modes of resonator model. The experimental results are also compared with
the theoretical ones for two infinite parallel plates. A good agreement between them
stimulates the experimental study of beam radiation and acceleration in laminated

structures. The corresponding experimental program at AREAL test facility is foreseen.
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Chapter 4: Electron bunch compression in single-mode

structures

4.1 Introduction
The formation and acceleration of ultrashort electron bunches is an important issue
for generation of coherent radiation in THz and Infrared regions, driving the free electron

lasers (FEL) and direct applications for ultrafast electron diffraction [17-19, 100-102].

Length of bunches generated in RF guns is limited due to technical characteristics
of photocathode and lasers. So for having sub-ps bunches one needs to shorten ps
bunches generated in RF gun. There are several methods for obtaining sub-ps bunches,
e.g. magnetic chicanes are used for high energy beams shortening [41], velocity and
ballistic bunching are for low energy beams [42-45]. For all these methods one needs to

have an energy modulated beam.

It is well known that the relativistic charge, moving along the structure, interacts with
the surrounding environment and excites the electromagnetic field known as wakefield
[52-54]. Structures are usually disk, plasma or dielectric loaded channels that drive the
corresponding wakefield accelerator (WFA) concepts, the performance of which can be
improved by using the asymmetric driving beam to achieve high transformer ratio [61,
103]. For the charge distribution the wakefield acts back to bunch particles producing an
energy modulation within the bunch by longitudinal wake potential. The form of
longitudinal wake potential depends both on the bunch charge distribution and the
surrounding structure [52]. Although for Gaussian bunch the energy modulation is driven
by the bunch head-tail energy exchange, for rectangular and parabolic bunch shapes the

energy modulation at high frequency can be obtained.

To have an energy modulation, disc and dielectric loaded structures are used.
These kind of structures have high order modes excited by a charge when it passes the
structure, which leads to energy storage in that parasitic modes and beam instabilities [51-
62]. To avoid such effects, one needs a single-mode structure. In this chapter wakefield

induced bunch energy modulation during bunch interaction with the single-mode
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structures is studied. As a single mode structure, cold plasma and recently proposed
internally coated metallic tube (ICMT) are considered [63-66]. In cold plasma purely sine-
like wakefields without damping are generated, while in ICMT, wakefields are sine-like

with damping factor [66].

The direct application of the holding integral for bunch rectangular or parabolic
shape and point wake potential leads to energy modulation within the bunch at the excited

mode frequency. To obtain sub-ps bunches, a structure with excited frequency higher
than THz is needed. In cold plasma and ICMT, for appropriate parameters, the excited

mode is within sub-THz to THz frequency region.

For comparatively low energy bunches wakefield generated energy modulation
causes velocity modulation and for proper ballistic distance it leads to density modulation
or microbunching. To have that effect in proper distance, energy modulation in a bunch
after the structure should be greater than several keV’, which can be achieved by

100 ym — 500 pm bunches. Electron bunches with 100 pC charge and 10 MeV energy are

observed, which correspond to usual values of modern linear accelerators [88].

4.2 Wakefields and Impedances
A relativistic charge @, passing throw a structure interacts with it. Due to this

interaction the particle radiates electromagnetic fields, known as wakefields, which then
can act to the test charge g. From the causality principle, wakefields generated by an
ultrarelativistic driving charge should vanish in front of it [52, 53]. The longitudinal
component of the wakefield produces energy gain (or loss) of the test particle, while the

transverse component produces the transverse kick of the test particle.
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Figure 4.1: Driving @ and test g charge moving in a structure.

The longitudinal wake function (point wake potential) is the integrated longitudinal

Lorentz force excited in a structure by a point charge @ experienced by the test particle

traveling on an s distance behind it [52]
1 == E+s5
w,(r,7¢,5) = — A J__E: (T, T,z t = T) dz (4.1)

where E_ is the longitudinal component of excited electric field, r is a transverse offset of

test particle, r, is a transverse offset of source particle and c is the speed of light in

vacuum (Figure 4.1). Here s = 0 corresponds to the distance behind the driving point

charge, s = 0 to the position of the charge and s < 0 to the distance in front of the charge.

The transverse wake function is defined as an integrated transverse Lorentz force

acting on a test patrticle
1 poo Z+5
w,(r,7g,5) = —EI_W(E‘ +vXB), (T, Tzt = T) dz (4.2)

For a longitudinal distributed A(s) driving bunch, the wake potentials are defined as

an integrated longitudinal and transverse Lorentz forces excited by a bunch at the

position of the test particle traveling on an s distance behind it. Here distance = is
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measured from the center of driving bunch. The longitudinal wake potential could be

obtained from the wake functions using the convolution integral
W, (s) = f_sm w, (s —sDA(s) ds' (4.3)
here integration is from —c@ to s, because there is no field in front of driving bunch.

The total energy loss of the driving charge in a structure due to its radiation is

proportional to the square of the charge
AU = QZHIDSS (4.4)

The proportionality factor K,,.. is a longitudinal loss factor and can be presented by

wake potentials
k.‘.’oss = f_mm I“III"?II (T)/l(f) dT (4.5)

The wake potential is a function of time, while Fourier transformation of the wake

potential gives formation in frequency domain and is called the impedance [52, 53]

Zy(w) = f_mm W.(t)e “*dr = ff_mm Ia'lfzr[z]e_mszﬂdz
W.(1r) = if_mm Zy(w)e™Tdw (49

4.3 Ballistic bunching
Traveling in the structure bunch particles gain (loss) energy due to interaction with
wakefields generated by themselves and particles in front of them. Ballistic bunching
method of studying microbunching and bunch compression is used. In ballistic method it is
assumed that in structure the charge is rigid and only energy modulations occur. The
energy modulation leads to the velocity change of particles in the structure and for non-
ultrarelativistic bunch charge density redistribution occurs in drift space after the structure
(Figure 4.2). For appropriate initial bunch energy and energy spread after the structure,

bunches with several um length can be formed.
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Figure 4.2: Geometry of ballistic bunching (blue line illustrates the wakefield).

After bunch passes the structure, the energy gain (loss) of i-th particle, with initial s;

coordinate, is determined by:
AU(s;) = qQW.(s;)L (4.7)

where g is the charge of test particle, @ is the total charge of a source bunch, W.(s;) is the

wake potential in a structure and L is the structure length.

Velocity of i-th particle on the entrance of drift space can be presented as

B(s) = [1— (h)z (4.8)

where U,.. is a particle rest energy and U, (s;) = U, + AU(s;) is an energy of i-th particle

after the structure. Here cold bunch approximation is assumed, which means that there is
no energy spread in the initial bunch. Having a velocity of each particle at the end of the

structure, the coordinate s, - of i-th particle after passing I, . distance in a drift space can
be calculated by

i {5*']) (4.9)

Sl..-f = Si + ﬂ-..S'l == Si + Ed‘]"ift (1 _E
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| Upesr \°
where s; is the initial coordinate of i-th particle, f, = ﬁqﬂ—(%“} iIs the bunch initial

velocity, 8(s;) is the velocity of i-th particle after passing the structure. Having the
coordinate of each patrticle in a bunch after a drift space, one can obtain the bunch shape.

Numerical simulations are done for observing wakefield effects on various line
charge distributions. The bunch is presented as an ensemble of N particles that
experience the energy deviations due to longitudinal wakefield. For simulations N = 10°

particles have been used.

4.4 Energy modulation, bunch compression and microbunching in cold
neutral plasma

Bunch charge density modulation in infinite cold neutral plasma is studied via
ballistic bunching method. It is assumed that the temperature of electrons is much higher
than the one of ions (cold plasma). Under this assumption plasma can be considered as a

medium with e = 1 — mjfmz macroscopic dielectric constant, where the plasma frequency
is w, = 56.4 = 10%,/n_ Hz, with n, being the plasma electron density (in cm™ units) [63].

The wake function of the relativistic point charge, passing the cold neutral plasma, is given

by [63, 64]

w,(s) = —2H(s)K,, . cos(kps) (4.10)

where H(s) is the Heaviside step function, k, = m?’fc is the wave number, K, .. is the

longitudinal loss factor of plasma channel.
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Figure 4.3: Point charge wake function in cold neutral plasma (w, = 56.4 * 1031\,"‘”_9 Hz and
Kjpes = 45 k—: /pC) (left) and Gaussian bunch wake potential (right).

Numerical simulations of bunch compression and microbunching have been

performed for the driving bunch with 100 pC charge and 10 MeV initial energy.
Wake potential generated by a Gaussian bunch in plasma channel can be obtained
by Eq. 4.2:

1 s r = '
J-_w.(s—seze%ds (4.11)

V2T

Wi(s) =

Figure 4.3.b presents the wake potential of the Gaussian charge distribution with

0.1mm rms bunch length in plasma channel with )§,=m?’,’zﬂ=1.43 THz plasma

frequency (wavelength 1, = 0.2 mm).

It can be seen that the wake potential is decelerating at the bunch head (s < 0) and
accelerating at its tail (s = 0). This leads to bunch compression till some critical drift space
distance, after which particles with coordinates s = 0 overtake particles with coordinates
s =< 0. For distances longer than the critical distance, the bunch starts to expand and
debunching process begins. From Figure 4.3.b it can be seen that the central part (~70%)

of the bunch is affected by a focusing wake, while the bunch tail is affected by a

decelerating wake.
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Compressed bunch shape at various drift space distances after 2 m plasma channel

Is shown in Figure 4.4. The dashed line represents the initial Gaussian bunch distribution.

It can be seen, that till 3.5 m drift space length, the bunch is compressing, after which it
starts to expand. On 3.5 m drift space length the rms length of the bunch central part, that

contains 70 % of the patrticles, is 15 um.
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Figure 4.4: Line charge distribution after bunch passes [ 4¢: distance in drift space
a) larige = 1.5m, b) lgipe = 3.5m, C) lapipe = 4m, d) Lgripe = 45m.

To find the maximum compression, rms length dependence on distance is

calculated. The rms length of the Gaussian bunch 70 % (central part) and 100 % particles

dependence on bunch travel distance in drift space is shown in Figure 4.5. As it was
mentioned, the bunch tail is affected by defocusing wakefield. This defocused part

artificially increases rms length of a whole bunch and it always stays above 70 um. For
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70 % bunch particles, maximum bunch compression is reached at 4 m distance (bunch

rms length is ~ 12 pm) after which the debunching process starts.
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Figure 4.5: The Gaussian bunch longitudinal rms length for 70 % (left) and 100 % (right) versus

drift distance.

To have a microbunching, one needs a wakefield with several times smaller wave
length than the bunch length. High frequency fields generated by Gaussian distribution
are very low because of exponential damping factor in distribution. While for Gaussian
bunch it is not possible to have a microbunching in appropriate distances, for some non-

Gaussian distributed bunches it is possible.

For the rectangular uniform charge distribution the wake potential in plasma

channel produces bunch energy modulation at the excited mode wavelength.

Rectangular uniform line charge distribution is in the form of

A(s) = { i Is| <a (4.12)
0, |s|=a

and the rms length of the bunch is given by o = %

Wake potential of such a bunch can be derived from Eq. 4.2

0 5 —a
oo ‘[(:DG'S :
w,(s) = [__w, (ffp (s — S’)) AlsDds' =41 Zax ' (’T‘:P (s + R)) Asl=a (443
k!m&

- sin(kpa) cns(kpa) ,§ > a
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Figure 4.6 shows the wake potential generated by a rectangular uniform distributed

bunch of 0.58 mm rms length (2 mm total length) in a plasma channel with 0.6 mm

(f, & 0.5 THz) excited mode wavelength.

-1.0 —05 0.0 05 1.0
s (mm)

Figure 4.6: Uniform bunch wake potential.

The energy modulation at the wakefield excited mode frequency leads to the charge

density modulation as the beam travels in free space.

Charge density modulation at various drift space distances after 0.3 m plasma

channel is shown in Figure 4.7. As it can be seen, the density modulation leads to the

formation of three microbunches.
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Figure 4.7: Line charge distribution after passing !z distance in a drift space

a) laripe = L0m, D) lgire = 2.0m, C) lgmpe = 3.5m, d) lgpipr = 5.

The best bunching is at the 3.5 m drift space distance, where the initial rectangular
bunch is transformed into three microbunches with 14 pC charge and 40 um full-width at

half maximum (FWHM). After that distance debunching process starts (Figure 4.7.d).

Parabolic line charge distribution is taken in the form of

1
= (a® —s2%), |s|l=a

(4.14)
0 , |s| > a

A(s) = {

and rms length of the bunch is determined by o = iﬁ

The longitudinal wake potential of parabolic charge can be derived from Eq. 1.2
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W,(s) = [7 w.(k(s — s))A(s")ds" =
0 P 5 —a
ffﬁ-[sin[k(s+ aj) —ka cns[k(s+ a]:l — jcs] sl = a

bt [sn(k(a-+ 5)) + sin(k(a — 5)) - ka(cos(k(a-+ ) + cos(k(a—)))],5 > @
(4.15)

The wake potential for parabolic charge distribution of 0.45 mm rms length (2 mm

full length) is shown in Figure 4.8. The dashed line represents bunch shape. To satisfy the

microbunching criterion a plasma channel with 0.6 mm (f, # 0.5 THz) excited mode

wavelength is taken.
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Figure 4.8: Parabolic bunch wake potential.

The energy modulation of particles is observed with linear ramp of the average

energy deviation.

Figure 4.9 shows the parabolic charge density modulation at various drift space

distances after 1 m plasma channel length. The density modulation leads to microbunching

and initial bunch transforms into three microbunches.
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Figure 4.9: Line charge distribution after passing ! s distance in a drift space

a) lapige =1m, b) lgripr = 3mM, C) lgmpe = 0m, d) Lgrgpe = 7T

The best bunching is observed on a 5 m drift space length, where microbunches
with 10 pC charge 20 um length (FWHM) are formed. It can be seen that at 7 m drift space

length, debunching of all three microbunches occurs.

4.5 Energy modulation, bunch compression and microbunching in internally
coated metallic tube

Energy and charge density modulation of Gaussian, rectangular uniform and
parabolic charge distributions in ICMT are observed. The geometry of ICMT is shown in

Figure 4.10.
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Internally coated metallictube

Figure 4.10: Geometry of the ICMT.

In a high frequency range, for a thin, low conductivity inner layer and infinite thick,
perfectly conducting outer layer the ICMT is a single-mode structure with f; = i Efmi
resonant frequency, where a is the inner radii of a layer and 4 is its thickness.

Wake function generated in ICMT by an ultrarelativistic point charge moving along

the structure axis can be presented as [66]:

wy(s) = — j‘;z g [cus(kas} — ki sin[kas}] (4.17)

where, k, = fkuz —a? ky= Z?"f,;, and « damping factor is a function of layer thickness

and conductivity.

For non-ultrarelativistic particle (10 MeV), the longitudinal wake function calculated

in [104] is used. Wake functions of a point charge with various energies are shown in

Figure 4.11.
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Figure 4.11: Wake functions of a point charge with gamma factor ¥

a)y =10, b)y =20, c) ¥ =40, d) ¥ = 80.

Matching the inner radii of the internal cover and its thickness, one can obtain a

resonant frequency in THz region in the ICMT.

Numerical simulations are performed to determine the bunch shape after drift space

for a driving bunch charge of g = 100 pC with U, = 10 MeV initial energy. The inner
diameter of a structure is 0.5 mm, electric conductivity of the first layer is 10* i thickness

of the first layer is 1 um. Excited mode frequency in ICMT with these parameters is

approximately f, =—./2/ad =3 THz , which corresponds to 0.1 mm wavelength. Point
pPp Y Jo = v

wake function of such a structure is shown in Figure 4.11.b.
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Figure 4.12 presents the wake potential of the Gaussian charge distribution with

0.1 mm rms length (the dashed line shows bunch shape).
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Figure 4.12: 100 um Gaussian bunch wake potential.

The wake potential is decelerating at the bunch head (s < 0) and accelerating at its
tail (s = 0). This energy modulation can lead to bunch compression for appropriate drift

space length.

The compressed bunch shape at various drift space distances after 1 m ICMT is

shown in Figure 4.13. The dashed line presents the initial Gaussian bunch distribution.

The bunch is compressing till about 4 m drift space length after which the bunch tail

passes its head and the bunch starts to expand.
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Figure 4.13: Line charge distribution at { ;¢ drift space distances

a) lapige = 1m, D) lgripe = 2, C) Lagpipe = 4m, d) Lgripe = 6.

In ICMT, like in plasma, the Gaussian bunch is affected by a strong focusing field
on its central part, while in its head and tail there is a weak field. Note that in ICMT there is

no debunching field on the bunch tail. The rms lengths of 70 % (central part) and 100 %

particles versus bunch travel distance in drift space is shown in Figure 4.14. The best

compression is reached at 3.8 m drift space distance, where a bunch with 70 pC charge

and 8.02 um rms length is formed.
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Figure 4.14: rms of 70% (left) and 100% (right) of particles in a bunch versus drift space

distance.
To have a microbunching process in a structure one needs a bunch several times
longer than the excited wavelength (0.1 mm). This criterion is taken into account for

studying microbunching of uniform rectangular and parabolic bunches.

Microbunching of rectangular uniform charge distribution with 0.17 mm rms length
(0.6 mm total length) in ICMT is studied. Wake potential of the bunch is presented in

Figure 4.15 (dashed line shows bunch shape). This wake potential generates an energy

modulation within the bunch at excited mode wavelength.
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Figure 4.15: Uniform bunch wake potential.

The excited energy modulation leads to charge density modulation while it travels in

a free space. Figure 4.16 shows charge density modulations in various drift space
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distances after 0.2 m ICMT. The initial uniform bunch is transformed into several

microbunches.
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Figure 4.16: Line charge distribution after passing { 4-i#+ distance in a drift space

a) laripe =1m, D) lapipe = 2m, C) Lgripe = 3m, d) Lgrjpe = 4 m.

The best bunching is on 3 m drift space length, after which a debunching process
starts. Full-width at half maximum (FWHM) of the first microbunch is & um, which is a good
length for generating THz radiation. 7.8 % of total charge is concentrated in a full-width
region of the first microbunch, and 10 % in a three-full-width region. The full-width of the
second microbunch is 16 um. 5.94 % of total charge is concentrated in a full-width region

and 10.5 % in three-full-width region.

Wake potential of parabolic charge distribution with 0.13 mm rms length (0.6 mm

total length) is presented in Figure 4.17 (the dashed line shows bunch shape). Bunch
damping energy modulation with linear ramp of the average energy deviation is observed.
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Figure 4.17: Parabolic bunch wake potential.
Bunch shape change in various drift space lengths after 1 m ICMT is shown in

Figure 4.18. The initial parabolic bunch transforms into several microbunches.
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Figure 4.18: Line charge distribution after passing {4i#: distance in a drift space

a) Edrifr =3m, D) '!d‘r'ifr =5m, c) '!d‘r'ifr =7m,d) Edﬂ'fr =9m.
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The best bunching is on 7 m drift space length. On that distance FWHM of the first
microbunch is 7.5 um. 1.8 % of total charge is concentrated in a full-width region of the first
microbunch, and 2.2 %; in a three-full-width region. FWHM of the second microbunch is
3 um. 1.54 % of total charge is concentrated in a full-width region and 2.42 % in a three-

full-width region.

4.6 Summary
Energy and charge density modulations of relativistic electron bunch, after its
interaction with cold plasma and ICMT, have been studied. The bunching and

microbunching processes of cold, low energy (10 MeV) electron bunches of Gaussian,

rectangular and parabolic charge distributions are researched by ballistic method. It is

shown, that the Gaussian bunch interaction with these structures leads to its compression.

Bunch shape qo Uy ) Tp, Qp Ot, ¢

Gaussian 100 pC 10 MeV 100 pm 12 pym, 70 pC 8.02 ym, 70 pC

Table 4.1: Gaussian bunch parameters before and after interaction with plasma and ICMT.

Table 4.1 shows Gaussian bunch compression after plasma channel and ICMT. In

the table g, is for bunch initial charge, Uy is for initial energy, a, is the initial rms length, o,
and g, are compressed bunch rms length and charge for plasma channel and finally o,
and g, are rms length and charge for ICMT.

In cold plasma, a Gaussian bunch with 0.1 mm rms length and 100 pC charge can

be compressed by factor of 8, while in ICMT it can be compressed by factor of 12. For the
rectangular and parabolic bunches, several times longer than the structure excited

frequency, the microbunching process can be obtained.

Plasma ICMT
Bunch shape Qop Qp, Gp Qo Az, ¢ Qe Q¢
Rectangular Zmm 40 um, 14 pC 0.6 mm Gum, 7.8 pC 16 um, 6pC
Parabolic 2mm 20 um, 10 pC 0.6 mm 1.5um, 1.8 pC Jum, 1.5pC

Table 4.2: Parameters of rectangular and parabolic bunches before and after interaction with

plasma and ICMT.
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Table 4.2 shows microbunching results for rectangular and parabolic bunches. In

the table indexes p and t are for plasma channel and ICMT, respectively. a; is for the

bunch initial length (FWHM), a and g represent the lengths and charges of microbunches.

It is shown that in cold plasma a uniform bunch with 2 mm total length (0.58 mm rms)
and 100 pC charge can be splitted into three microbunches with 40 ypm FWHM length and
14 pC charge. Parabolic bunch with 2 mm full length (0.45mm rms) and 100 pC charge
forms three microbunches of 20 um full-width and 10 pC charges. The study of

microbunching process of rectangular bunch in ICMT shows that it is possible to generate

microbunches of 8 um FWHM length with 7.8 pC charge and 16 um FWHM length with
5.94 pC charge. Having an initial parabolic charge distribution, it is possible to generate
microbunches of 7.5 uym FWHM length with 1.8 pC charge and 3 ym FWHM length with

1.54 pC charge.
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Summary

It is shown that in single-mode structures sub-ps bunches can be formed from

longer ones. The sub-ps bunch formation is researched in plasma channels and internally

coated metallic tubes. The ballistic bunching method is used in research. Bunch shape is

numerically reconstructed.

It is shown that two-layer structures with inner low conductivity materials are high

frequency single-mode structures. The theory of flat two-layer structure is developed. It is

shown that electrodynamic properties of the flat structure are similar to properties of the

cylindrical one. Rectangular cavity with horizontal two-layer metallic walls is studied and

correlation between modes (obtained experimentally and theoretically) is performed.

The main results of the dissertation are as follows:

Matrix formalism has been developed which allows to couple point charge
radiated electromagnetic fields in the inner and outer regions of multilayer
parallel infinite plates.

Non-ultrarelativistic point charge excited electromagnetic fields in multilayer
parallel infinite plates are analytically obtained.

Explicit expression of non-ultrarelativistic point charge radiation fields in two-
layer parallel infinite plates with unbounded external walls is analytically derived.
Also point charge radiation fields in single-layer unbounded structures are
derived as a special case of two-layer structure.

Longitudinal impedance and dispersion relations of symmetrical two-layer
parallel infinite plates are derived. It is shown that for low-conductivity thin inner
layer and high conductivity thick outer layer, the longitudinal impedance has a

narrow-band resonance in high frequency region.
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The resonant frequency dependence of the parameters for two-layer parallel
infinite plates is studied and resonance frequency dependence on structure
parameters is empirically derived.

Longitudinal wakefields generated by a point charge traveling through the center
of the two-layer parallel infinite plates, with outer perfectly conducting material,

are calculated. The longitudinal wake potential is a quasi-periodic function with a

period given by the resonant frequency as fﬂ .

res
Resonance frequencies of a rectangular cavity with horizontal laminated walls
are analytically obtained.

It is shown that for rectangular cavity with vertical dimensions much bigger then
horizontal ones, the resonance frequencies are in a good agreement with
frequencies of two-layer parallel infinite plates.

The measured resonances of copper cavity with horizontal walls, internally
covered by germanium thin layer, are correlated with analytically obtained
resonance modes of rectangular cavity. All resonances of the test cavity are in
conformity with analytically obtained modes.

It is shown that for appropriate structure parameters the rectangular cavity with
internally covered horizontal walls is a good candidate for bunch acceleration
and sub-ps (micro) bunch generation.

Compression of Gaussian bunches and microbunching of rectangular and
parabolic bunches is numerically studied in plasma channels and internally
coated metallic structures, based on the ballistic bunching method.

It is shown that Gaussian distributed bunches with initial 100 gm rms length can
be compressed to 12 um and 8 um rms length in plasma channel and ICMT,

respectively.
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e It is shown that bunches with 20 um and 3 um full length can be formed due to
microbunching of parabolic bunches in plasma channel and ICMT, respectively.
e It is shown that bunches with 40 um and & um full length can be formed due to

microbunching of rectangular bunches in plasma channel and ICMT,

respectively.

The results of the study can be useful for the development of new accelerating
structures for particle acceleration, monochromatic coherent radiation sources, ultrashort

bunch generation.
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