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Abstract

Design of three accelerator components including a buncher cavity for REGAE,

a normal conducting cavity for arrival time stabilization at FLASH and ultra-fast

guns for the AXSIS project is presented in this thesis. Using RF cavities caused

a revolution in accelerators and made it possible to generate high energy particle

beams. In advanced accelerators, cavities are not only used to increase the particle

energy but they are also widely used to improve the beam quality and addition-

ally for beam diagnostic purposes. In the present dissertation, such applications

are discussed. First, design of a buncher cavity which compresses the bunch at

the REGAE facility is presented. The design pursues improving the mode sepa-

ration of the cavity. The simulation result illustrates that the difference between

the operating mode and its adjacent mode has been increased from 2 MHz for

the existing cavity to 9.5 MHz for the new design. In the second part, a normal

conducting cavity is discussed, which will be used to regulate the arrival time of

the bunches at FLASH and at the European XFEL. The designed cavity is able to

correct the arrival time jitter of ±150 fs in order to provide femtosecond precision

synchronization between the electron beam and the external laser pulses. Ther-

mal, wakefield and multipacting simulations have also been performed for the

designed cavity in order to evaluate its operation efficiency. In advanced accel-

erators however RF cavities should be replaced by novel structures to accelerate

the particles in shorter distances using higher operating frequency. To this end,

ultra-fast guns are designed which will be discussed in the last part of this work.

The designed guns accelerate the electrons from their rest mass up to 2 MeV using

a single cycle THz signal with a total energy of 2 mJ.
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Zusammenfassung

In dieser Arbeit werden drei Beschleunigerkomponenten untersucht.Zum einen

eine Buncher Kavität bei REGAE, des Weiteren eine normalleitende Kavität zur

Ankunftszeitstabilisierung bei FLASH, sowie ultra-schnelle Beschleunigungsstruk-

turen beim AXSIS Projekt. Die Nutzung von HF Kavitäten revolutionierte Beschle-

uniger und machte die Generierung hochenergetischer Teilchenstrahlung möglich.

Modernen Beschleunigerkavitäten werden sowohl zur Erhöhung der Strahlenergie

als auch zur Verbesserung der Strahlqualität und der Strahldiagnostik genutzt.

Diese Anwendungen werden im weiteren Teil der Dissertation diskutiert. Das

Design der Buncher Kavität welche den Elektronenstrahl bei REGAE komprim-

iert wir im ersten Teil beschrieben. Die Differenz der Betriebsfrequenz und des

ersten zusätzlichen Resonanzfrequenz der Kavität, 2 MHz im vorliegenden De-

sign, wurde auf 9 MHz wesentlich verbessert. Im zweiten Teil dieser Arbeit

wird eine normalleitende Kavität zur Regelung der Ankunftszeit bei FLASH als

auch beim Europäischen XFEL entworfen. Diese kann Ankunftszeitschwankun-

gen im Bereich von ±150 fs ausgleichen um eine femto-sekunden genaue Sta-

bilität zwischen den FEL Pulsen und des externen Lasers bei Pump-Probe Ex-

perimenten zu gewährleisten. Um den optimalen Betrieb im Beschleuniger zu

gewährleisten werden Simulationen hinsichtlich der thermischen Eigenschaften,

Wakefeldern sowie des so genannten Multipacting untersucht. Um Teilchen in

kleineren Entfernungen mittels höherer Frequenzen zu beschleunigen sollten in

modernen Beschleunigern Kavitäten durch neuere Strukturen ersetzt werden. Dies

wird im letzten Teil dieser Arbeit anhand von ultra-schnellen Beschleunigungsstruk-

turen diskutiert. Die entwickelte Struktur kann Elektronen von dessen Ruheen-

ergie auf bis zu 2 MeV mittels eines einzelnen THz Zykluses mit einer Gesamten-

ergie von 2 mJ beschleunigen.
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Chapter 1

Introduction

Accelerators are devices to accelerate particles from their rest mass to relativistic

velocities. These devices are the main structures forming particle beams based on

the interaction of the charged particles and electromagnetic fields. There are sev-

eral types and generations of accelerators which were developed during the last 80

years. The accelerator types include cyclotrons, synchrotrons, betatrons, storage

rings and linear accelerators. Each of them has its own characteristics and range

of application [1, 2].

Huge accelerators are widely used in high energy physics to explore the inside

of matter in order to study the constituents of atoms [3]. As an example, col-

liders are mostly used where high energy particles scatter off a target or off an-

other high energy beam [4]. Well-known colliders, which are still in operation,

are the Large Hadron Collider (LHC) at CERN and the Relativistic Heavy Ion

Collider (RHIC) at Brookhaven National Laboratory [5, 6]. HERA, PETRA and

DORIS are examples of accelerators at DESY that have worked as collider in

the past, but are no more in operation as a collider [7, 8, 9]. Accelerators can

also be used to inject particles into emission section of advanced light sources

such as synchrotron radiation sources and Free Electron Lasers (FEL) [10]. The

first worldwide soft X-ray FEL based on the self-amplified spontaneous emission

(SASE) process named FLASH (Free-electron LASer at Hamburg) started lasing

in the year 2000 at DESY [11, 12]. Since then it has been upgraded several times

and is now able to provide ultra-short femtosecond laser pulses in a wide wave-

length range from the EUV to soft-X ray. The European XFEL presently under

construction in Hamburg will provide laser pulses with even better quality and

shorter wavelength in the close future [13]. In addition to the large accelerators,

the smaller ones which provide particle beams with lower energy are being used

for several applications such as particle therapy for the treatment of cancer, ion

implantation or industrial uses [14, 15].
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The first accelerators were built in the 1930s in which the particles gained energy

from a high static electric field [2]. Of course, it was not possible for the particles

to reach very high energies just from the static fields. Using the RF cavities made

a revolution in accelerators and afterwards it was possible to produce very high

energy particles [16]. During the past decades, extensive efforts were devoted

to optimize the design of different parts of the accelerators [17, 18, 19]. For in-

stance, superconducting cavities to accelerate particles were optimized to achieve

the highest quality factor and the highest shunt impedance. In this domain, sci-

entists are looking for the material and also the structures that can increase the

quality factor of the cavities [20].

In advanced accelerators, RF cavities are not only responsible for increasing the

particle energy, but they are also widely used to improve the beam quality and

additionally for beam diagnostics [21, 22]. It is possible to compress the electron

bunches using a buncher cavity based on the zero crossing effect. The electrons

in the head of the bunch gain less energy than the electrons in the tail of the bunch

which causes the bunch length to decrease as the particles travel through the beam

pipe [23]. Such application is described in the second chapter where we discuss

the design of a new buncher cavity for REGAE (the Relativistic Electron Gun for

Atomic Exploration). In the existing buncher in the REGAE facility, the operating

mode is too close to its adjacent mode and the input signal excites the non oper-

ating mode partially which causes unwanted effects and decreases the machine

efficiency. Therefore, the designed cavity has to have a required mode separation

in order to improve the operation of REGAE. In such cavities, the quality factor

might not have as much importance as for those cavities which are used to accel-

erate particles.

In some cases, we deliberately decrease the quality factor of the cavities. In the

third chapter we discuss one of these cases, which is designing of a normal con-

ducting cavity to stabilize the arrival time of the bunches in FLASH and also in the

European XFEL. The idea is to measure the arrival time of one bunch and apply

a correction accelerating or decelerating voltage to the next bunches. Since a fast

actuator should provide the correction voltage it was required to design a cavity

with a high bandwidth which means a cavity with lower quality factor. In this

chapter, the design of the cavity itself as well as its input coupler are discussed.

Based on the existing limitations, the optimum coupling from side using a loop

has been designed. RF cavities are actually electromagnetic resonators which can

be modeled by electric circuits. The electric circuit model provides a proper ap-

proach to assess cavities. We developed circuit models for the designed cavities,

which ease the finding of the best situation for the cavity operation. One of the

important issues in using the cavities is tuning them after installation in the main

beam pipe. Using the proposed circuit model, one can find a guideline that is use-

ful during the tuning of the cavities.
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To achieve higher energies of the particles in accelerators, one should increase

the length of the accelerating part which rises the building and maintenance costs.

Another possible solution is to decrease the wavelength of the electromagnetic

field by increasing the operating frequency because this may lead to stronger ac-

celerating fields [24]. However, the electrical breakdown of metals puts an upper

limit to the accelerating gradient which can be provided by metal cavities [25]. It

is therefore of high importance to engage novel accelerating methods and struc-

tures that need less size and expenses which can accelerate the particles in higher

frequency fields. In the fourth chapter a novel structure to transfer the energy from

a THz signal to the electrons is introduced. This structure is going to be used as

an ultra-fast gun in the AXSIS project(Attosecond X-ray Science: Imaging and

Spectroscopy).
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Chapter 2

Design of a new buncher

cavity for REGAE

REGAE (the Relativistic Electron Gun for Atomic Exploration) is a small elec-

tron accelerator built and operated within the framework of the Center for Free-

Electron Laser Science CFEL at the DESY in order to provide high quality elec-

tron bunches for time resolved diffraction experiments [26].

The RF system of REGAE contains different parts such as low level RF, pream-

plifier, modulator, phase shifter, and cavities. A photo cathode RF gun operating

at 3 GHz (S-Band) is used for the production of electrons. The 11
2 cell gun cavity

accelerates the electrons to energies of up to 5 MeV. A buncher cavity is used to

compress the electron bunches by passing the electrons at the zero crossing of the

field and so introducing a correlated energy spread. In the following drift section

the bunch length decreases due to the different velocities and reaches a minimum

about 4 m downstream of the bunching cavity where the target chamber is located

[26, 27].

The present chapter concerns the design of a new buncher cavity for REGAE. In

the first section the motivations for replacing the existing buncher cavity with a

new one and the main problems of the existing cavity are described. The next sec-

tion is devoted to the procedure of designing the buncher. In this section several

simulations are performed in order to find out the effects of the buncher parameters

and to find the optimum values for these parameters. To get a better understand-

ing about the role of different parts of the buncher a circuit model is developed in

the third section. Finally in the last section of this chapter some beam dynamics

simulations are performed in order to investigate the effects of the fundamental

modes of the buncher on the beam and its characteristics such as bunch length and

the beam emittance in both the existing buncher and for the new design.
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2.1 Motivations for new design

An isometric view of the REGAE buncher cavity is displayed in Figure 2.1 while

Figure 2.2 shows the cross sectional view of this cavity [27]. This cavity is a

standing wave structure which means it has to be connected to an input coupler

which will be explained in more details in section 2.2.4 (see figure 2.17). As it can

be seen in these figures, the REGAE buncher is formed from four coupled pillbox

cavities and so it has four fundamental transverse magnetic T M010 normal modes

[1] which are named as 0-mode, π
3 -mode, 2π/3-mode, and π-mode. These names

are based on the phase shifts between adjacent cells [28].

The measurement [29] and simulation results for the frequencies of these four

Figure 2.1: Isometric view of the REGAE buncher cavity

Figure 2.2: Cross sectional view of the REGAE buncher cavity

T M010 normal modes are shown in Table 2.1. The simulations are performed

using two software programs, CST Microwave Studio which is a 3D electromag-

netic simulation software [30], and SUPERFISH that can simulate electromag-

netic components with axial symmetry since it is a 2D program [31].

According to this table the difference between the π-mode which is the operating

mode and its adjacent mode, 2π/3-mode, is very small and only 2 MHz. This very

close mode might lead to some functional problems during operation of REGAE.
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Figure 2.3: The RF power amplitude in the REGAE buncher

Table 2.1: Measured and simulated frequencies of the buncher modes

0-Mode π
3 -mode 2π

3 -mode π-mode

Frequency

(MHz)

Frequency

(MHz)

Frequency

(MHz)

Frequency

(MHz)

Microwave

Studio

2983 2988 2993 2995

SUPERFISH 2984.2 2989.4 2994.6 2996.8

Measurement 2985 2991 2996 2998

For example Figure 2.3 shows the amplitude of the RF power in the buncher in

which some fluctuations are added to the main signal [27]. The frequency of these

fluctuations is exactly equal to the difference between π-mode and 2π/3-mode and

the origin of this parasitic signal is the poor mode separation in the buncher [29].

In fact the input power excites the other normal modes of the buncher in addi-

tion to the π-mode. Such fluctuations might cause unwanted effects on the beam

which is going to be bunched. As mentioned, bunching is fulfilled by introduc-

ing a stronger electric field to the electrons which are located in the tail of the

bunch. So the bunching process efficiency is strongly dependent on the phase of

the operating mode of the buncher and in fact one should find the phase difference

between gun and buncher for maximum bunching. But excitation of the other nor-

mal modes of the buncher can cause small changes in the bunching phase which

may lead to deviations of the minimum achievable bunch length on the target po-

sition since the electric field inside the cavity in this case is a superposition of the

π-mode and its adjacent mode. So the main goal in designing the new buncher is

to improve the mode separation in order to remove or at least reduce the effects of

other modes on the buncher operation as much as possible.
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2.2 Design process and simulation results

In order to improve the mode separation in the buncher one should increase the

coupling between adjacent cells [1]. Cell to cell coupling is strongly dependent

on the geometry of the cavities such as radius and thickness of the disk between

them. It is therefore possible to achieve a better mode separation by changing the

physical parameters of the buncher. The parameters that have been changed in

order to increase the difference between the fundamental modes of the buncher

are depicted in Figure 2.4. In this figure rA, rB, and rC are representing the radius

of the cross sectional curve between adjacent cells. This curve is a 180 degree

semi circle and so theses parameters determine the distance between neighboring

cells and in fact the thicknesses of the disks between the cells while yA, yB, and

yC represent the radii of these disks openings. Furthermore yD, rD and yE, rE

determine the corresponding parameters related to the input and output cells re-

spectively. These parameters in the existing buncher are as follows:

Figure 2.4: The physical parameters of the buncher

rA= rB= rC= 4.75 mm rD= 4.75 mm rE= 4.75 mm

yA= yB= yC= 10.8 mm yD= 13 mm yE= 11.4 mm

2.2.1 Investigation of the effects of physical parameters on the

mode seperation

To find the effects of each parameter, it is varied between reasonable end values

while the other parameters are kept constant. After simulation and finding the fre-

quencies of the buncher normal modes, the dependency curves of these frequen-

cies on the buncher parameters are drawn. Such curves are displayed in Figure

2.5 to Figure 2.12. In these figures the effects of the parameters shown in Figure

2.4 on the difference of the operating mode and the other normal modes, (delF1,

delF2, and delF3) and also their influence on the absolute value of the π-mode
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Figure 2.5: SUPERFISH simulation results: delFs versus rA,rB,rC

(delF4) are investigated.

delF1 = π-mode − 0-mode,
delF2 = π-mode − π

3 -mode,

delF3 = π-mode − 2π
3 -mode,

delF4 = π-mode − 2998MHz .

The working point of the existing buncher is shown with the red dashed line in

these curves. Note that in Figure 2.5, rA, rB, and rC are equal for all the cases,

in fact the thicknesses of the disks are kept equal in these curves while in Figure

2.11 and Figure 2.12 only the effect of one disk thickness is investigated.

2.2.2 First optimization

As a summary of these curves one can conclude that in order to improve the mode

separation the radii of the disks between cavities should be increased and despite

of their radii the thickness of the disks should be decreased. These results was of

course expected as we know that increasing the radius of a disk opening or de-

creasing its thickness will fortify the coupling between the cells which are located

at the sides of the disk. So considering the mentioned results the amounts for the

parameters were chosen as the first attempt which are listed in Table 2.2.
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Figure 2.6: SUPERFISH simulation results: delFs versus yA,yB,yC

Figure 2.7: SUPERFISH simulation results: delFs versus rD
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Figure 2.8: SUPERFISH simulation results: delFs versus rE

Figure 2.9: SUPERFISH simulation results: delFs versus yD
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Figure 2.10: SUPERFISH simulation results: delFs versus yE

Figure 2.11: SUPERFISH simulation results: delFs versus rA
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Figure 2.12: SUPERFISH simulation results: delFs versus rB

Table 2.2: The first chosen values for the cavity parameters

Parameter Value (mm) Parameter Value (mm)

rA 2 rB 2

rC 2 rD 7

rE 2 yA 14

yB 14 yC 14

yD 15.5 yE 9

Based on these values the frequencies of the buncher normal modes were cal-

culated as Table 2.3.

From the above table the differences between the adjacent modes have been

increased in comparison with their amounts in the existing cavity:

delF1 = π-mode − 0-mode = 76MHz,
delF2 = π-mode − π

3 -mode = 55MHz,

delF3 = π-mode − 2π
3 -mode = 19MHz .

At the first look it seems promising that the difference between the operating mode

and its adjacent mode is increased up to 21 MHz, however some other limitations

must be considered. First, according to the whole system design the absolute

value of the operating frequency should be 2998 MHz, while by the above val-

ues it is 3048 MHz and so it is necessary to shift it back to its operating point.
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Table 2.3: SUPERFISH results for the buncher frequencies with the new dimen-

sions
0-Mode π

3 -mode 2π
3 -mode π-mode

Frequency Frequency Frequency Frequency

(MHz) (MHz) (MHz) (MHz)

new design 2972 2991 3027 3048

old design 2984 2989 2995 2997

The other limitation is about the maximum amount of the electric field inside the

cells. In Figure 2.13 the amplitude of the electric field on the axis of the buncher

in steady state is shown (ρ=0 in cylindrical coordinates). The amplitudes of the

electric field for the T M010 modes has its maximum value on the axis and by in-

creasing the radius it will decrease [32]. It should be noted that this electric field

distribution is for the buncher with parameters that are shown in Table 2.2 and it

is also assumed that the total stored energy inside the cavity is 1 Joule (which is

the default setting of SUPERFISH).

As it is displayed in this figure the amount of the peak of the electric field de-

creases from the first to the last cell which is not desirable. The more reliable

situation is that there exists a flat profile of the electric field peaks. In other words

the maximum of the electric field inside the cells should be equal in order to

achieve the best efficiency of the buncher. There are several reasons that we are

more interested in a flat top electric field inside the cavities. If the cavity is going

to be used to increase the energy of the particle the energy gain can be increased

by increasing the accelerating gradient. Even in our case which is a buncher cavity

by increasing the electric field inside the cavity, the minimum bunch length oc-

curs in shorter distance, thus the overall length of the machine is decreased. The

electrical breakdown of metals puts a threshold on the accelerating field that can

be provided by the cavities. Therefore many cavities are set to operate with the

fields near their breakdown limit. Lets consider again the electric field pattern that

is shown in Figure 2.13. Here the electric field in the first cell is more than the

other cells. This means the breakdown will occur in this cell first, as one increases

the input power while the other cells are still below the limit. Because of the first

cell’s breakdown limit, the maximum efficiency of the other cells cannot be pro-

vided. By making a flat-top on-axis peak electric field, it would be possible for all

cells to operate close to their breakdown limit. On the other hand the temperature

change will be homogeneous in the case of a flat-top on-axis peak electric field.

Since the dissipated power in the cavity walls is proportional to the square of the

electric field on the walls one expects a higher shunt impedence when the electric

field inside the cells has a smooth distribution.

Hence, it is required to find a way to solve the two mentioned problems at once.
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Figure 2.13: The electric field on the axis of the buncher for the π-mode assuming

1 J total stored energy

It is known that the resonant frequency and also the amplitude of the electric field

inside a cavity are dependent on its volume [32]. It is therefore possible to shift

the π-mode frequency back to its operating point and simultaneously make the

peak of the electric field profile flat by adjusting the cell’s volume. Parameters

that have been changed in order to achieve this goal are the radii of the cavities

which are shown in Figure 2.14. These parameters are named as hA, hB, hC, and

hD and in the existing cavity are as follow:

hA=39.38 mm hB=39.24 mm hC=39.24 mm hD=39.24 mm

Decreasing one cell diameter results in two phenomena. First, an increase of

the π-mode frequency and second, an increase of the electric field of the corre-

sponding cell. Considering these changes a guideline could be extracted to find

the appropriate amounts for the radii of the cells. For example according to Table

2.3 in order to shift the π-mode frequency to its operating value the cells diameter

should be increased, however Figure 2.13 says that the diameter change in the first

cell should be more than the others. Finally the following amounts are obtained

for the cells radii:

hA=40.01 mm hB=39.88 mm hC=39.86 mm hD=39.31 mm

And the simulation results based on these values are shown in Table 2.4.
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Figure 2.14: The cell’s radii are considered as an effective parameter in the RF

design

Table 2.4: SUPERFISH results for the buncher frequencies considering the new

cell radii
0-Mode π

3 -mode 2π
3 -mode π-mode

Frequency Frequency Frequency Frequency

(MHz) (MHz) (MHz) (MHz)

2926.3 2954.8 2984.3 2998

For this table the differences between the operating mode and the other modes are

as below:

delF1 = π-mode − 0-mode = 71.7 MHz,
delF2 = π-mode − π

3 -mode = 43.2 MHz,

delF3 = π-mode − 2π
3 -mode = 13.7 MHz.

Manufacturing tolerance is another issue that should be considered during the de-

sign process. The manufacturing tolerances of different parts of the cavity are

shown for example in Figure 2.15.

According to these tolerances it is necessary to consider some errors in designing

the buncher. For instance for the cell diameter it is tolerable to have a maximum

of 10 µm error. These tolerances are selected based on the maximum value of the

frequency deviation that can be compensated by tuning. This value for a normal

conducting cavity working in the frequency range in which the REGAE buncher

operates would be about 2 MHz [33]. As discussed before the maximum value

of the electric field in the cavities is strongly dependent on the cavity diameter.

Hence notwithstanding the designed values for a flat electric field pattern, it is

inevitable to have a difference between the maximums of the electric field inside

the cavities in the real world. The worst situation would be the situation that the

manufacturing errors are equal to their maximum allowed value and in the op-

posite direction for different cells. In this situation the electric field of two cells

increases while it decrease in the other cells leads to the maximum deviation from
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Figure 2.15: The tolerances of manufacturing a cavity cell
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Figure 2.16: Electric fields of the cavities in the worst situation of manufacturing

errors

the desired flat pattern. Such situation is shown in Figure 2.16.

2.2.3 Final optimization

An idea has been proposed in order to remove the undesired effects of the adja-

cent modes of the buncher and the gun simultaneously. Based on this idea the

effects of the nearest modes to the operating modes of the buncher and the gun (0-

mode of the gun and 2π/3-mode of the buncher) can be compensated using a feed

forward and a feedback loop . To exploit such idea the designed buncher should

satisfy some conditions. First, because only one control system is going to be

used to compensate the effects of adjacent modes of the gun and the buncher, the

difference between π-mode, the operating mode and its nearest mode, 2π/3-mode

should be equal to the difference between two fundamental modes of the REGAE

gun . This value for the gun is 9.5 MHz. Second, the difference between 0-mode

and π-mode in the buncher should be more than half of the sampling frequency of

the control system which is 125 MHz or as close to this value as possible. So in

the designed cavity the difference between two farthest normal modes should be

more than 62.5 MHz or as near to this amount as possible. In other words the two

desired conditions could be summarized as:

1) delF3 = 9.5MHz,
2) delF1 ≈ 62.5MHz .
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Comparing the above condition with the results that are depicted in Table 2.4, the

difference between modes should be decreased. According to the table for this

design delF3 is 13.7 MHz and delF1 is 71.7 MHz. So it is required that delF3

decreases by ∼ 4 MHz while delF1 decreases by ∼ 9MHz which means that the

difference between 2π/3-mode and 0-mode should decrease by ∼ 5MHz. It seems

to be difficult to achieve these values since the relative variation of delF3 is much

more than the variations of the difference between the other normal modes (30%

vs. 8%). Hence, parameters need to be found that change the difference between

two normal modes while the differences between the other modes are not changed

significantly. According to the simulation results the best solution to this prob-

lem is to remove the symmetry of the buncher by making the disks thicknesses

different. The obtained values for the parameters of the buncher which can sat-

isfy the above conditions are summarized in Table 2.5. The selected values are

not the unique solution that satisfy the required conditions. Since there are a lot

of parameters that can be played with to achieve the required conditions one can

expect that there should be more than one solution. However the selected solution

includes reasonable values that can be easily manufactured by the conventional

methods [34, 35].

It can be seen that the thickness of the disk between the first two cells (rA) is less

Table 2.5: Design values of the cavity parameters

Parameter Design Value (mm) Parameter Design Value (mm)

rA 2 rB 3

rC 3 rD 5

rE 5 yA 14

yB 14 yC 14

yD 15 yE 15

hA 39.91 hB 39.93

hC 39.92 hD 39.89

than the thicknesses of the other disks. The simulation results for the fundamental

modes of the buncher based on these parameters are shown in Table 2.6.

Table 2.6: SUPERFISH results for the buncher frequencies with parameters of 2.5

0-Mode π
3 -mode 2π

3 -mode π-mode

Frequency Frequency Frequency Frequency

(MHz) (MHz) (MHz) (MHz)

2939.5 2963.2 2988.6 2998.1

And the differences between the operating mode and the other modes are:
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delF1 = π-mode − 0-mode = 58.6MHz,
delF2 = π-mode − π

3 -mode = 34.9MHz,

delF3 = π-mode − 2π
3 -mode = 9.5MHz .

According to these results the first condition is achieved, while delF1 is only 58.6

MHz. Thus this difference is less than the expected 62.5 MHz with a relative dif-

ference of 6 %, with this value more than 90 % of the effects of the 0-mode will

be compensated. One can also calculate the uncompensated effect of the 0-mode

using the resonant curve. According to the simulation results the loaded quality

factor of the designed cavity is about 8000. Based on [36]

f1/2 =
f

2QL
, (2.1)

the half bandwidth of this cavity ( f1/2) would be about 187.5 kHz. The difference

between the 0-mode and the π-mode is therefore 300 times larger than the band-

width which means this mode has almost no effect on the operating mode.

2.2.4 Simulation of the input coupler

The last step in designing the buncher cavity is to consider the input RF coupler

and the impedance matching between the coupler and the buncher. Figure 2.17

shows an isometric and a cross sectional view of the REGAE buncher cavity with

its coaxial input coupler [27].

It is obvious that the buncher and the coupler cannot be simulated together with

SUPERFISH because it is a 2D simulation program and there is no axial symme-

try when the coupler is added to the buncher cavity. But the effect of the coupler

which concerns the part of the power that reflects from the cavity, can be modeled

by a lossy material within the SUPERFISH code. The properties of this material

can be found from the dimension of the coupler[32]. This lossy material is speci-

fied in Figure 2.18.

Since the REGAE coupler is not going to be replaced with a new one it is still

possible to use this model to simulate the coupler and it is not necessary to sim-

ulate with a 3D program which is slower and less accurate. In order to match the

coupler to the cavity it is required that the external and unloaded quality factors

be equal [36]. In other words half of the RF power should be lost in the buncher

walls that means the power loss in the lossy material should be equal to the power

loss in the cavity walls. This condition could be easily achieved by adjusting the

position of the coupler. In fact in the SUPERFISH model one should change the

position of the inner tube of the coupler which is similar to an antenna inside the
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Figure 2.17: Isometric and cross sectional view of the REGAE buncher cavity

with its coaxial input coupler

Figure 2.18: The lossy material in the SUPERFISH model
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Figure 2.19: The key parameter for adjusting the coupler position (inner tube of

the coupler)

buncher. This parameter, L, which plays a key role in adjusting the coupler posi-

tion is displayed in Figure 2.19. The value of L is already 14.85 mm in the existing

cavity and in new design it has to be 18.5 mm.

2.3 Developing a circuit model for the buncher

In the following a circuit model of the buncher cavity is developed in order to gain

a deep understanding into the effects of different parts of the buncher on determin-

ing the normal mode frequencies. By employing the circuit method one can write

and solve the circuit equations instead of the Maxwell equations which is easier

and more time efficient. The circuit model is also useful for the tuning process

in order to have a guideline during the tuning. But the key point is to consider

a precise model which covers relevant properties of the buncher. In general the

REGAE buncher includes four pillbox cavities that could be modeled by LC res-

onance circuits and the interaction of the adjacent cells can be represented by the

mutual inductances of the LC circuits [1].

2.3.1 Symmetric model

The first model that is considered for the REGAE buncher is shown in Figure

2.20. In this circuit four similar resonators are coupled to each other with differ-

ent coupling constants. As mentioned the resonators are similar and have equal

resonant frequencies. It can be seen that the circuit model of the coupler is also

considered. The coupler is modeled with a transmission line with characteristic

impedance of Z0 and an inductor which is coupled to the first cell and the RF input

is modeled with a voltage source. Since for REGAE the buncher is designed to be

critically coupled to the feedline (coupling coefficient = 1) half of the input power

will be transmitted to the buncher and one can replace the voltage source of V,

and the transmission line with a voltage sorce of V
2 . On the other hand the end
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Figure 2.20: The first considered circuit for REGAE buncher. The cavity cells

are modeled by the LC circuits and the coupling between them by the mutual

inductance between the resonators Ki. The first and end tubes are also modeled

by transmision lines with the characteristic impedance of Z0

Figure 2.21: The simplified circuit model for the REGAE buncher, see the text for

explanation.

tube has to be modeled. Since the power loss at the end of this tube is negligible

it can be considered as a short circuit, however, a transmission line is considered

before the short circuit since the length of the tube is comparable with the wave-

length. One can calculate the input impedance of the end tube using the following

equation[36]:

Zin = jZ0tanβ l , (2.2)

where β is the propagation constant and l is the length of the tube. The resonant

frequency of the buncher is about 3 GHz and so its wavelength is about 10 cm.

Since the length of the end tube is 5 cm which is half of the wavelength, according

to equation (2.2), Zin is equal to zero and one can neglect the transmission line for

the end tube in the circuit model. The simplified model of the REGAE buncher is

shown in Figure 2.21.

In order to solve this circuit one can write Kirchhoff’s Voltage Law (KVL) in six

loops. Since the independent sources in a circuit have no effect on the natural

frequencies of the circuit it is more simple to turn the sources off in order to
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calculate the normal modes frequencies of the circuit:

x0 jΩL0 + x1 jΩk0L0 = 0,

x1

(

1− ω2
0

Ω2

)

+ x2
k1
2 + x0

k0
2 = 0,

x2

(

1− ω2
0

Ω2

)

+ x1
k1
2 + x3

k2
2 = 0,

x3

(

1− ω2
0

Ω2

)

+ x2
k2
2 + x4

k3
2 = 0,

x4

(

1− ω2
0

Ω2

)

+ x3
k3
2 + x5

k4
2 = 0,

x5 jΩL0 + x4 jΩk4L0 = 0,

(2.3)

Where ω0 is the resonant frequency of the individual resonators if they were

uncoupled which is equal to 1√
2L0C0

, Ω is the assumed frequency of a steady-state

oscillation (normal mode), kn =
Mn

L0
are the coupling constants ( Mn are the mutual

inductance between the adjacent inductors), and xn are normalized currents, de-

fined in terms of the real current in by xn =
in√
2L0

. The first and the last equations

in the equation set 2.3 result in:

x0 =−k0x1,
x5 =−k4x4,

(2.4)

substituting equation 2.4 in equation 2.3:

x1

(

1− ω2
0

Ω2 −
k2

0
2

)

+ x2
k1
2 = 0,

x2

(

1− ω2
0

Ω2

)

+ x1
k1
2 + x3

k2
2 = 0,

x3

(

1− ω2
0

Ω2

)

+ x2
k2
2 + x4

k3
2 = 0,

x4

(

1− ω2
0

Ω2 − k2
4
2

)

+ x3
k3
2 = 0,

(2.5)

In these equations we can neglect k2
0 and k2

4 in comparison with the other terms.

So the simplified equation for the circuit can be written as follows:

x1

(

1− ω2
0

Ω2

)

+ x2
k1
2 = 0,

x2

(

1− ω2
0

Ω2

)

+ x1
k1
2 + x3

k2
2 = 0,

x3

(

1− ω2
0

Ω2

)

+ x2
k2
2 + x4

k3
2 = 0,

x4

(

1− ω2
0

Ω2

)

+ x3
k3
2 = 0,

(2.6)

Equation (2.6) can be written in matrix form as:

LX =
ω2

0

Ω2
X , (2.7)
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where

L =











1 k1
2 0 0

k1
2 1 k2

2 0

0 k2
2 1 k3

2

0 0 k3
2 1











,X =









x1

x2

x3

x4









. (2.8)

According to equation (2.7) which is an eigenvalue equation,
ω2

0

Ω2 is the eigenvalue

of matrix L . So by calculating the four eigenvalues of the matrix L one can find

the four normal mode frequencies of the buncher. Solving the following equation:

det











1−λ k1
2 0 0

k1
2 1−λ k2

2 0

0 k2
2 1−λ k3

2

0 0 k3
2 1−λ











= 0 , (2.9)

where λ are the eigenvalues and consequently the normal mode frequencies would

be: Ω = ω0√
λ

. The four solutions to this equation are:

Ω =
ω0

√

1± 1
2

√

1
2

[

(

k2
1 + k2

2 + k2
3

)

±
√

k4
1 + k4

2 + k4
3 + k2

1k2
2 − k2

1k2
3 + k2

2k2
3

]

.

(2.10)

According to the above equation one can draw the absolute value of the frequen-

cies and also their differences as a function of the coupling constants. Such curves

are displayed in Figure 2.22 and Figure 2.23.

One can see from these figures that for all coupling constants a symmetry

exists for the normal modes frequencies. In other words the difference between

the first two frequencies is always equal to the difference between two others. This

is more obvious in Figurte 2.23 while according to the Table 2.1 in the existing

cavity this situation doesn’t exist. So the considered model is not precise and

should be developed further.

2.3.2 Asymmetric model

A more comprehensive model is shown in Figure 2.24. In this model different

resonant frequencies are considered for the four cells and also it is assumed that

the coupling constants are not equal.

Such as the previous model one can write the KVL equations for the above circuit.
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Figure 2.22: The absolute value of the frequencies for the normal modes of the

circuit displayed in Figure 2.21 vs. coupling constants

Figure 2.23: Difference between adjacent modes of the circuit displayed in Figure

2.21 vs. coupling constants

These equation after simplifications that are explained for the first circuit, are as
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Figure 2.24: The more comprehensive circuit model for the REGAE buncher. In

this model the resonant frequency of the cells as well as the coupling between

them are assumed to be different.

follows:

x1

(

1− ω2
01

Ω2

)

+ x2
k12
2 = 0,

x2

(

1− ω2
02

Ω2

)

+ x1
k21
2 + x3

k22
2 = 0,

x3

(

1− ω2
03

Ω2

)

+ x2
k32
2 + x4

k34
2 = 0,

x4

(

1− ω2
04

Ω2

)

+ x3
k43
2 = 0,

(2.11)

Where ω0n are the resonant frequencies of the individual resonators if they were

uncoupled which are again equal to 1√
2L0Cn

. The equations for this model are more

complicated than the first model as a result of considering different resonators.

However they still can be written as an eigenvalue equation:

LX =
1

Ω2
X , (2.12)

where

L =












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1
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k12

2ω2
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0 0
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2ω2
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
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, (2.13)

and

X =









x1

x2

x3

x4









,
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is the vector of normalized currents. In order to find the eigenvalues and conse-

quently the resonant frequencies the following equation has to be solved:

det















1
ω2

01

−λ k12

2ω2
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0 0
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1
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0
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2ω2
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1
ω2
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−λ















= 0 , (2.14)

with the resonant frequencies as: Ω = 1√
λ

. Equation (2.14)) can be solved numer-

ically by MATLAB [37]. Some results of solving this equation in order to find out

the impact of changing the circuit elements on the fundamental frequencies of the

buncher are shown in Figure 2.25. One of the most important parameters of the

buncher, which to be considered for the application of buncher and also during its

tuning, is the electric field pattern inside the cells. It is possible to calculate the

ratio of the maxima of the electric field inside the cells based on the circuit model.

In fact the electric field in the cavities can be translated into the currents of the LC

loops in the circuit model, and according to the equation (2.12) these currents can

be easily found by calculating the eigenvectors of matrix L. By defining the ratio

of the maxima of the electric fields in the cells as:

r21 =
max|E2|
max|E1| r31 =

max|E3|
max|E1| r41 =

max|E4|
max|E1| .

One solves following equations to find the above parameters:
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(2.15)

The result to this matrix equation is as follows:
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01ω2
02

(

1

ω2
01

− 1

Ω2

)(

1

ω2
02

− 1

Ω2

)

k12k23
,

r41 =
k43ω2

01ω2
02

(

1

ω2
01

− 1

Ω2

)(

1

ω2
02

− 1

Ω2

)

k12k23

(

1

Ω2 − 1

ω2
04

) − k43k21

2k23

(

ω2
04

Ω2 −1

) .

(2.16)
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Figure 2.25: The calculation results for delFs vs. individual resonant frequencies

of the cells based on the circuit model displayed in Figure 2.24

Equation (2.16) declares that by changing the resonant frequency of one cell the

ratio of the electric fields in all cells will vary. Such variations are shown in Figure

2.26.

2.3.3 Validation of the proposed circuit model

As declared in the beginning of this section it is critical to have a precise model

in order to exploit the benefits of the circuit model. To find out how exact the

proposed model is one can make some comparisons between simulation results
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Figure 2.26: Electric field ratios vs. individual resonant frequencies of the res-

onators based on the circuit model displayed in Figure 2.24

and the results obtained from the circuit model. Figure 2.27 shows such compar-

isons. In this figure the two upper curves are the model results which display the

difference between adjacent normal modes as a function of individual resonant

frequencies of the first and the second cell while the lower curves are the SU-

PERFISH results that display the difference between adjacent modes versus cell

diameters. A decrease in one cell diameter and consequently decrease in its vol-
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ume leads to an increase in the resonant frequency of the respective cell. Hence in

order to have a better comparison the horizontal axis of the SUPERFISH results

are set to show the values in reverse order. So in each series of the curves, from

left to right the individual resonant frequency of the specified cell is increasing.

As it can be seen the characteristics of changes are similar to each other. The cou-

Figure 2.27: Comparison between the circuit model results (top) and SUPERFISH

simulation results (bottom)

pling constant effects can also be compared. In order to perform such comparison

the thickness of the disks between cavities is considered as the key parameter in

determining the coupling constant between the adjacent cells. In Figure 2.28 the
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effects of changing this parameter is compared to the results of the circuit model

when the coupling constant is varied in a reasonable range. It should be noted that

for all these comparisons the values of the horizontal axis which indicate the pa-

rameters that change the fundamental modes are not scaled. In comparison with

Figure 2.27, less agreement between SUPERFISH results and the circuit model

results can be observed in Figure 2.28. The reason can be explained by bearing

in mind that changing the thickness of the iris disks between cavities has two ef-

fects. The first and the most dominant effect is varying the coupling constants

but it also makes a little change in the individual resonant frequency of the cells.

As it can be seen in Figure 2.4 the connection parts between adjacent cells in the

cross sectional view are 180 degree curves and changing the thickness of the disks

in the simulation is fulfilled by varying the radii of these curves which obviously

leads to a little change in the volume of the cavities in addition to the coupling

constants.

one cannot expect strong agreement between the calculations based on the circuit

model and the simulation results. Since there are parameters that cannot be mod-

eled by the circuit (or at least make the model too complicated), such as bent edges

of the cells and the iris openings or poor couplings between nonadjacent modes.

But as we will see in the next chapter, the main reason of introducing this model

is to use it in the tuning process. In section 3.6.3 it will be argued that for tuning

the cavity using the circuit model we need to know about the quality of changes,

in fact only the slopes in the displayed figures. One can therefore conclude that

the proposed model is accurate enough to satisfy our requirements.

2.4 Beam dynamic simulations

As mentioned in the first section, the input RF power excites the non-operating

normal modes of the buncher in addition to the π-mode and so some contribution

of these modes exist in the total electric field inside the cells which can cause a

small change in the phase advance between the buncher cells. This change influ-

ences the transverse and longitudinal beam parameters such as bunch length and

beam emittance. So it seems to be necessary to perform some beam dynamic sim-

ulations in order to find the effects of different modes on the electron beam. For

the beam dynamic simulations the tracking program ASTRA (A Space Charge

Tracking Algorithm) has been used [38]. The simulation conditions and results

are explained in the following. It should be noted that the main goal of this part

is to investigate the effects of the 2π/3-mode on the beam properties in both the

existing and in the newly designed cavity.
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Figure 2.28: Comparison between the circuit model (top) results and SUPERFISH

simulation results (bottom)

2.4.1 Bunch length

The bunch length variations in a drift behind the buncher cavity is simulated using

ASTRA. The longitudinal distribution of the bunch is Gaussian with an rms width

of 0.5 mm and a cut at 2 sigma. The transverse particle distribution in both vertical

and horizontal directions is also Gaussian with an rms width of 0.5 mm. And the

kinetic energy of the bunch is set to 5 MeV. The distribution of the transverse
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Figure 2.29: The initial properties of the simulated bunch. left: longitudinal

phase space middle: momentum spread right: longitudinal distribution

momenta is also Gaussian in x and y direction and the rms value of the energy

spread is set to be 1.5 keV. The total charge of the bunch is 1 pC. The initial

properties of the simulated bunch is shown in Figure 2.29.

The ASTRA result of the bunch length for the existing buncher without 2π/3-

mode is shown in Figure 2.30. As it can be seen a 10 meter drift path is assumed

behind the buncher. The simulation is performed for different phases of the π-

mode and its results indicate that by changing this phase the minimum achievable

bunch length will vary, and also the distance in which this minimum occurs can be

moved by changing the phase of the π-mode. In order to have the best efficiency

of the operation the target should be located in the point at which the minimum

bunch length occurs. Regardless of the location of the target, the minimum achiev-

able bunch length varies by changing the π-mode phase. Figure 2.31 illustrates

this. The dependance of the minimum achievable bunch length on the phase of the

π-mode is because of the cosine-like non-linearity of the electric filed applied to

the bunch when going off the zero crossing. According to this curve by increasing

the phase from −100◦ to −30◦ the minimum achievable bunch length increases.

It should be noted that one can change the minimum achievable bunch length by

changing the other parameters of the buncher such as its field gradient. Here the

effect of the bunching phase is only investigated.

The simulations are performed both for the existing buncher and the new design.

Furthermore two scenarios are considered. First, the 2π/3-mode is neglected and

the only effective mode is the π-mode. But in the second scenario the electric field

component due to the 2π/3-mode is included. In all the simulations the coherent

space charge effect is not considered. Considering the low current beam in the

cavity and the fact that the aim of these simulations is to investigate the effect of

the buncher cavities alone, especially the effect of the 2π/3-mode, one can neglect

the space charge effects. In the second scenario we have to note that although the
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Figure 2.30: The simulation results for the bunch length along the z-axis for the

existing buncher

fundamental frequency of the 2π/3-mode differs from the π-mode frequency, in

the beam dynamics simulation it is necessary to consider the same frequency as

for the π-mode for 2π/3-mode electric field. This is because the buncher is exited

with the π-mode frequency and the other modes will oscillate with this frequency.

However the contribution of the other modes is much less than the π-mode. The

contribution which needs to be translated into the amplitude of the electric fields in

the ASTRA input is inversely proportional to the difference between the π-mode

frequency and the other normal modes’ frequencies and can be calculated from

the resonance curve. Using this curve and the SUPERFISH results for the quality

factor, the contribution of the 2π/3-mode is about 10% for the existing cavity and

about 2% for the new design.

Simulation results for the new designed buncher are also shown in Figure 2.32.

In these curves the 2π/3-mode is also neglected and a 10 meter drift path is con-

sidered behind the buncher. It can be seen that the results for the new cavity is

similar to the existing one. This result was expected, because the input power and

the operating frequency in both cases are equal. Noting that the electric field dis-

tributions of the π-mode for the existing and the newly designed cavity are nearly

identical, similar results have to be achieved when the 2π/3-mode is neglected.

The difference between the new designed buncher and the old one will be clarified

when the 2π/3-mode is included. In order to quantity the effect of the 2π/3-mode
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Figure 2.31: Minimum achievable bunch length versus π-mode phase

Figure 2.32: The simulation results for the bunch length along the z-axis for the

new designed buncher
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Figure 2.33: Comparison of the effect of 2π/3-mode for the existing cavity and

the new design.

the minimal bunch length is investigated for all possible phase differences be-

tween π-mode and 2π/3-mode. Since the phase of the 2π/3-mode is unknown

the maximum value of the bunch length has to be considered. According to this

explanation the minimum achievable bunch length for the existing and the new de-

signed buncher in absence and presence of the 2π/3-mode are compared in Figure

2.33. In this figure the results for the new designed buncher and the existing one in

the absence of 2π/3-mode are identical as was mentioned before. But in presence

of the 2π/3-mode, the situation is better with the newly designed buncher. The

main reason is the large difference between these two fundamental modes in the

new design which will decrease the contribution of 2π/3-mode from 10% in the

existing cavity down to 2% in the new designed buncher. However, the change

of the minimum achievable bunch length using the newly designed cavity is just

about 4% that seems not to be considerable. One can conclude from this figure

that the 2π/3-mode has a weak contribution in determining the bunch length in

both cavities.
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Figure 2.34: The beam emittance for the existing buncher

2.4.2 Beam emittance

The other parameter investigated with ASTRA is the transverse beam emittance.

First the beam emittance at the end of the buncher is simulated for both, the ex-

isting cavity and the new buncher in the absence of the 2π/3-mode. The result

is shown in Figure 2.34 and Figure 2.35. It can be seen that the results for the

beam emittance are similar for two cases again. The minimum emittance can

be achieved on the phase of −100◦ for the π-mode. Again the difference be-

tween the existing buncher and new design is clarified when the 2π/3-mode is

added. Similar to the previous simulation, the relative strength of the 2π/3-mode

is deducted from the resonant curve. To calculate the effect of the 2π/3-mode

the emittance result in absence of the 2π/3-mode is subtracted from the emittance

result with the 2π/3-mode. As for the bunch length case all possible phases for

the 2π/3-mode have been simulated and the maximum value of the emittance has

been considered as the total emittance in the presence of the 2π/3-mode. Figure

2.36 displays the contribution of the 2π/3-mode to the beam emittance for the new

designed buncher and for the old one. Here we should note that the contribution

of the 2π/3-mode is not strongly dependent on the π-mode phase, however, it de-

creases by increasing the π-mode phase. Thus the 2π/3-mode contribution to the

total emittance is always on the order of some 10−4 mrad mm. As for the bunch
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Figure 2.35: The beam emittance for the new designed buncher

length the effects of the 2π/3-mode on the emittance is lower for the new design

than for the existing cavity which is a result of the better mode separation.

2.5 Summary and conclusion

A new buncher cavity has been designed for REGAE. In the existing buncher cav-

ity at REGAE the difference between the π-mode which is the operating mode

and other T M010 normal modes (specially 2π/3-mode) is small in terms of res-

onant frequency which causes some unwanted effects on the machine operation.

Physical parameters of the cavity such as thickness of the disks between the cavity

cells, iris radii and diameter of the cells have been adjusted to improve the mode

separation. In the newly designed cavity the differences between the π-mode and

the 2π/3-mode, π-mode and 0-mode have been increased from 2, 7 and 12 MHz

in the existing cavity to 9.5, 35 and 59 MHz. Beam dynamics simulations show

that the unwanted effects of the other modes on the bunch length and transverse

beam emittance are not considerable both for the existing cavity and the newly

designed one. However, such effects will decrease using the new cavity. A cir-

cuit model for the designed cavity has been proposed that clarifies the operation
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Figure 2.36: The contribution of 2π/3-mode in the beam emittance
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of the cells and their coupling mechanism. Validity of the introduced model has

also been verified using the simulation results. As a novel method we can use the

proposed model to optimize the tuning process of the cavity. Such algorithm is

explained in details in the next section.
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Chapter 3

Design of a normal conductive

cavity for arrival time

stabilization at FLASH

3.1 Introduction

The European XFEL will provide short laser pulses to study the dynamics of

molecular and chemical reactions on an atomic level. To generate the Angstrom

wavelength laser pulses, a high-quality electron beam is accelerated in supercon-

ducting cavities to an energy of 17.5 GeV and then sent through long magnetic

undulators [39]. The Angstrom laser light is used e.g. to study the temporal dy-

namics of matter typically carried out in a pump-probe arrangement, where atoms

or molecules are excited by an external ultra-short pulse optical laser while their

reactions are visualized using the FEL light [40]. To achieve the required fem-

tosecond resolution a precise regulation of bunch arrival time within a train of

electron bunches is needed. For FEL users, it is therefore essential that the arrival

time of the individual radiation pulses has a stability with precision of only a few

femtoseconds [41].

The Free Electron Laser FLASH at Hamburg, which is a smaller scale version

of the European XFEL, provides a unique possibility to test and develop hard-

ware and software which are comparable to those required by the XFEL. It has

been shown, that beam-based feedback loops stabilize the bunch arrival time in the

femtoseconds range [42]. Further minimizing the bunch arrival time jitter requires

faster actuators, e.g. a normal conducting cavity with higher bandwidth compared

to narrow-band superconducting cavities. A normal conducting cavity is therefore

designed for this purpose. This cavity is going to be installed at the FLASH main
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line as shown in Figure 3.1. Concerning the space limitation in FLASH a side

coupling to this cavity is required. Since the input power of the cavity is about 1

kW it seems to be most efficient if the input power could be coupled to the cavity

via a loop antenna instead of a waveguide coupler. In addition to space limits, it

is more convenient to adjust the coupling constant by engaging the loop couplers.

Besides, since the power supply is a solid sate amplifier whit a coaxial cable as

output it would be easier to connect its output directly to a feedthrough instead of

using a coaxial-to-waveguide converter.

Figure 3.1: Place of installation the normal conducting cavity (NC) at FLASH.

The low level RF (LLRF) controler systems are shown with blue boxes, ACC1,

ACC2 and ACC3 are the accelerating components each of them are made from 8

TESLA cavity modules. BAM and BCM stand for bunch arrival time and bunch

charge monitors, respectively. The magnetic bunch compressors (BC2 and BC3)

are also shown.

3.2 Design process of the cavity

3.2.1 Cavity cells design

To design the fast feedback cavity, the arrival time deviation ∆tA ≈±150 fs (peak-

peak) needs to be corrected. This requires an energy correction of:

∆E =
∆tA · c
−R56

·E ≈±37.5 keV, (3.1)

where c is the speed of light in free space, R56 is the bunch compressor parameter

which is -0.18 m at bunch compressor BC2 of FLASH, and electron energy E of

about 150 MeV. To achieve the required energy correction an accelerating voltage

of Vacc = ∆E/e ≈ 37.5 kV is needed. Simulations show that a half band width of

400 - 500 kHz is sufficient for the arrival time regulation in the fs range. Also, to

reduce the unwanted effects of the adjacent modes a system using the feedback
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and feed forward loops has been designed in the same way as the system that is

discussed in section 2.2. According to the sampling rate of the designed system a

difference of at least 9 MHz between the fundamental mode and its adjacent mode

for the cavity is required. The difference between the fundamental mode and the

other modes is better to be 27 MHz and 45 MHz, respectively. The required

parameters for the four-cell normal conducting cavity are summarized in Table

3.1. In addition to these requirements the maximum of the electric field inside

the cells should be equal. In addition to the reasons that are explained in section

2.2.2, there is another reason for this cavity to have flat-top on-axis peak electric

field. Considering the maxima of the amplitude of the electric field inside the

cells called E1, E2, E3 and E4, the dissipated power inside the cavity walls, Pcav,

would be proportional to E2
1 +E2

2 +E2
3 +E2

4 , while the accelerating voltage of the

cavity, Vacc, is proportional to E1 +E2 +E3 +E4. It is easy to show that for a

given dissipated power, the accelerating voltage would be maximum if E1 = E2 =
E3 = E4. Since our input power is limited, to achieve the maximum available

accelerating voltage, we need to have equal electric field inside the cells. To have

a quantitative view of this effect, we consider a simple case of two cells with non-

equal electric fields of E1 and E2. If the average value of E1 and E2 is E, one can

write:

E1 = E(1− ε),E2 = E(1+ ε), (3.2)

now one can find the relation for the dissipated power, P′
cav:

P′
cav ∝ E2

1 +E2
2 = E

{

(1− ε)2 +(1+ ε)2
}

= 2E
(

1+ ε2
)

, (3.3)

when the electric field of the cells are equal, the dissipated power would be propor-

tional to 2E2. In the case of non-equal electric fields therefore, to have the same

accelerating voltage we need to increase our input power by factor of
(

1+ ε2
)

. We

know that the accelerating voltage is proportional to
√

Pcav (see equation (3.6)).

For a constant input power therefore the ratio of the accelerating voltages in two

cases would be:

Vacc′
Vacc

≈ 1+
ε2

2
, (3.4)

here we used
√

1+ ε2 ≈ 1+ε2/2 approximation since ε2 is a small variable. If we

want to correct 150 fs arrival time jitter that means operating with the maximum

power, the above change in the accelerating voltage leads to an arrival time error

of (based on equation (3.1)):

∆t = 150 · ε2

2
. (3.5)
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Based on the above discussion, if we wand to have a maximum of 1 fs arrival time

jitter, the maximum tolerable difference between the electric field peaks inside the

cells would be 15%.

Table 3.1: Required parameters of the cavity

Vacc f1/2 fπ − f2π/3 fπ − fπ/3 fπ − f0

37.5 kV 500 kHz 9 MHz 27 MHz 45 MHz

The designed cavity is formed from four coupled pillbox cavities and it has there-

fore four fundamental T M010 normal modes which are named as 0-mode, π
3 -mode,

2π/3-mode, and π-mode [1, 43]. These names are based on the phase shifts be-

tween adjacent cells. The operating mode is the π-mode because of its higher

phase velocity. An isometric view of the designed cavity is displayed in Figure

3.2 while Figure 3.3 shows the cross sectional view of this cavity. The cooling

part and the tuning knobs are also shown in this figures. In these figures and all

other figures of the cavity the electrons’ flight direction is from left to right.

The same design process as for the REGAE buncher discussed in section 2.2

Figure 3.2: Isometric view of the designed cavity

applied to achieve the required mode separation. One can change the coupling

between the cells by varying the physical parameters of the cavity, especially the

thickness of the disks between the cells as well as the iris radii. Then, to make

the electric field pattern smooth and adjust the resonant frequency of the operating

mode, we changed the diameters of the cells.

44



Figure 3.3: Cross sectional view of the designed cavity

3.2.2 Input coupler design

After designing the cells of the cavity, the most important part is to design its input

coupler. As mentioned, it is required to increase the bandwidth of the cavity [43].

Simulations show that for a normal conducting pillbox cavity made from copper

and operating at 3 GHz frequency, the unloaded quality factor Q0 is about 16000

while 500 kHz half bandwidth requires a loaded quality factor of 3000. Therefore

the best way is to decrease the external quality factor. By changing the coupling

constant between the cavity and its coupler one can change the external quality

factor and subsequently the band with of the cavity. However, by changing the

coupling constant the accelerating voltage also varies. For a cavity with the effec-

tive shunt impedance of r, input power of Pin, and the coupling constant of β the

accelerating voltage can be written as [1]:

Vacc =
√

Pinr
2β 1/2

1+β
. (3.6)

On the other hand the half bandwidth of a cavity can be written as a function of

the resonant frequency, the quality factor, and the coupling constant [43]:

f1/2 =
f0

2QL
= (1+β )

f0

2Q0
, (3.7)

where f0 is the resonant frequency, QL is the loaded quality factor and Q0 is the

unloaded quality factor of the cavity. For the designed cavity the unloaded quality

factor is about 16000 and the effective shunt impedance is about 8 MΩ. If we

consider the input power of the cavity to be 890 W peak which is equal to the

output of the amplifier that is going to supply the input power of the cavity, the

accelerating voltage and the bandwidth of the cavity are shown in Figure 3.4 as a

function of the coupling constant.
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Figure 3.4: Influence of the coupling constant on the accelerating voltage and on

the band width

As it can be seen in Figure 3.4 there is a trade-off between the accelerating

voltage and the bandwidth of the cavity. From the accelerating voltage point of

view the optimum value for coupling constant is the critical coupling where β is

one and there is no power reflected from the cavity to the coupler. On the other

hand to increase the bandwidth one should make β as large as possible. According

to the desired values for the accelerating voltage and the bandwidth, adjusting the

coupling constant to a value between 3.5 and 4.5 seems to be the best choice.

As it was declared in the previous section a side coupling is required for the cavity.

Hence, it is necessary to use a 3D simulation program. CST Microwave Studio is

used for this purpose [30]. In order to inject the desired power to the cavity via

loop coupling a coaxial feedthrough is going to be used. An isometric and a cross

sectional view of this feedthrough are shown in Figure 3.5. As it is displayed in

this figure the two parts of the feedthrough are separated from each other by a

ceramic material (the green colored part of the cross sectional view) while the

inner and outer conductors are made from stainless steel.

This feedthrough should be installed on the body of one of the first cell of the

cavity as shown in Figure 3.6. The input power is coupled to the cavity using a

loop which actually excites a magnetic dipole inside the cavity [44]. The mag-

nitude of this dipole is proportional to the area of the loop and also to the input

power of the feedthrough and the amplitude of the mode that it excites is propor-

tional to the scalar product between the magnetic dipole moment of the loop (~M)

and the magnetic field of the corresponding mode inside the loop (~B) [45]:

|E| ∝ ~M ·~B . (3.8)

Based on the above equation one can vary the coupling constant by changing
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Figure 3.5: Isometric and cross sectional view of the feedthrough which is used

to couple the input power

the loop orientation. This can be another advantage of using loop coupling instead

of a waveguide coupler. Figure 3.6 shows the designed loop attached to the cav-

ity. One can change the coupling constant between the coupler and the cavity by

changing the area of the loop (changing ~M), moving it up or down (changing ~B)

or even by changing its orientation (changing the angle between ~M and ~B).

Figure 3.6: Cross sectional view of the input loop inside the cavity

Based on the simulation results it is difficult to achieve a high coupling con-

stant (more than 3) with only one loop. For more explanation one should go deeper

to what occurs during the excitation of a cavity. If there is a current density inside

a cavity it will excite all the modes of the cavity. The modes of which the cut off

frequency is lower than the excitation frequency can remain inside the cavity and

the other modes will be evanescent modes which only store imaginary power in
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the space near the current density [36, 32]. According to the reciprocity theorem

the amplitude of the excited field of each mode is proportional to the strength of

the electric field of the mode in the place of the current. This excitation can be

found as [32]:

en =− jωnµ0

∫

V J(r) ·E(r)dV

k2
n − k2

0(1+
1− j
Qn

)
, (3.9)

where ωn , kn and Qn are the angular frequency and wave number and the quality

factor of the excited mode, respectively, k0 is the wave number of the free space

which is equal to
√

ε0µ0. J(r) is the current density which effect is going to be

investigated and E(r) is the electric field of the mode. The integration is taken

over the volume of the current distribution. In our case the length of the loop is

comparable with the wavelength of the input signal. Hence, it is not correct to

assume a constant current for the loop. The best assumption for the loop current

would be a sinusoidal distribution alike standing wave distribution [32]. Using this

assumption and also the distribution of the electric field for the T M010 mode in a

pillbox cavity one can calculate the amplitude of the excited field as a function of

the loop radius and also its position inside the cavity. Afterwards it is possible to

calculate the input impedance of the loop and consequently the coupling constant

between the loop and the cavity. Figure 3.8 shows the calculation results for the

coupling constant as a function of the loop depth and its length (parameters are

defined in Figure 3.7). One can compare these results with the simulation results

for the coupling constant in Figure 3.9. Both results illustrate the fact that it is not

possible to increase the coupling constant above 3.

The solution to this problem is using two loops opposite to each other. This

design would also be better because of the improved symmetry of the cavity, that

means the more symmetric pattern of the electric and magnetic field inside the

first cell. Figure 3.10 shows the input loops of the cavity. In this figure two other

feedthroughs which are connected to smaller loops are also shown. These loops

function as pick-up to measure the electric field inside the cavity.

The final design dimensions of the cavity parameters defined in Figures 2.4 and

2.14 are shown in Table 3.2.

3.2.3 Simulation results

The Eigenmode simulation is performed using CST Microwave Studio. Table3.3

summarizes the simulation results.

According to this table one can calculate the coupling constant:
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Figure 3.7: loop length and loop depth (l) definition

Table 3.2: Design values of the cavity parameters

Parameter Design Value (mm) Parameter Design Value (mm)

rA 3.75 rB 3.75

rC 3.75 rD 5

rE 5 yA 14

yB 14 yC 14

yD 17 yE 17

hA 39.98 hB 39.82

hC 39.80 hD 40.04

β =
Q0

Qext
≈ 4.1 . (3.10)

In order to calculate the accelerating voltage when the input power is 890 W, one

can follow these steps:

The Eigenmode solver of CST Microwave studio always calculate the results as-

suming 1 Joule of the stored energy, considering the unloaded quality factor of
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Figure 3.8: Calculation results for coupling constant as a function of loop length

and its depth

Figure 3.9: Simuilation results for coupling constant as a function of loop length

and its depth
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Figure 3.10: Cross sectional view of two input loops as well as two pick-up loops

inside the cavity

Table 3.3: CST simulation results for the designed cavity

Parameter Simulation result value

π-mode frequency 2998 MHz
2π
3 -mode frequency 2989 MHz
π
3 -mode frequency 2971 MHz

0-mode frequency 2954 MHz

unloaded quality factor Q0 16000

external quality factor Qext 3900

loaded quality factor QL 3100

R/Q 500

shunt impedance r 7.7 MΩ

Accelerating Voltage (for 1 Joule stored energy) 3.03 MV

16000 the dissipated power in the cavity will be:

Pcavity =
Estored

Q0
·ω =

1J

16000
·2π ·3 ·109s−1 = 1.18 MW . (3.11)

and the reflected power from the cavity:

Pre f =
Γ2

1−Γ2
·Pcavity , (3.12)

where Γ is the reflection coefficient which can be calculated from the coupling

constant:

Γ =
β −1

β +1
. (3.13)
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Substituting equation (3.13) into (3.12) results to:

Pre f =
(β −1)2

4β
·Pcavity = 0.69 MW , (3.14)

and the total power from the generator is:

Pin = Pcavity +Pre f = 1.87 MW . (3.15)

For an average input power of 1.87 MW the accelerating voltage is 3.03 MV.

Considering that the accelerating voltage is proportional to the square root of the

input power, in the operating conditions when the average input power is 495 W

(890 W peak to peak) the accelerating voltage will be:

Vacc =

√

495

1.87 ·106
·3.03 ·106 = 49 kV , (3.16)

and the half bandwidth of the designed cavity will be:

f1/2 =
f0

2QL
=

3 ·109

2 ·3100
= 480 kHz , (3.17)

which both satisfy the required values of table 3.1.

The electric field pattern on the axis of the cavity is also displayed in Figure 3.11

which shows a flat patters as we need for this cavity.

3.3 Wakefield simulation

As it is mentioned this cavity is designed to correct the arrival time of the bunches

on the femtosecond level. Therefore it seems to be necessary to investigate the

phenomena that can affect this precision. One of these phenomena is the wake-

field. When a bunch of charged particles passes trough the cavity, it will excite the

fundamental mode as well as the higher order modes of the cavity, so the bunch

causes an electric field inside the cavity which is the sum of the different modes

called wakefield [46]. The high frequency components of which the frequency is

above the cutoff frequency of the beam pipe can propagate away along the beam

pipe and do not remain localized [1]. But the low frequency modes, i.e. below the

cutoff frequency of the pipe, remain localized and can affect the particles in the

same bunch (short range wakefield) as well as the particles in the trailing bunch

(long range wakefield).

To evaluate the wakefields, a parameter named loss factor is defined for each mode
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Figure 3.11: The electric field inside the cavity on the axis

of the cavity which determines the amplitude of the electric field that is excited by

the beam [46]:

km =
V 2

m

4Um
, (3.18)

where Vm is the voltage corresponding to mode m, and Um is the stored energy in

the electromagnetic field of this mode. The loss factor can be expressed as R/Q

using [47]:

km =
ωm

4

(

R

Q

)

m

. (3.19)

Each excited mode has a damping time given by the loaded quality factor of the

mode. One can find the wakefield by summing the contribution of all individual

modes. For example the longitudinal delta wake potential for distance s behind

the bunch can be calculated from [48]:

W δ
‖ (s) = ∑

m

2k‖m
.cos

(

ωm
s

c

)

· exp

(

− ωm

2Qm

s

c

)

, (3.20)

where delta wake function means the wake potential caused by a charged particle

with δ -function distribution. This delta function can be used as a Greens function

to calculate the wake potential from any given charge distribution:

W‖(s) =
∫ ∞

0
ds′ ·λ (s− s′) ·W δ

‖ (s
′) , (3.21)
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where λ (s) is the charge distribution inside the bunch. It should be noted that

in the above equation parameter s has a different meaning than in (3.20). In this

equation one can select each arbitrary point as the origin of the coordinate system.

By defining the coordinates of the charge distribution λ the wake potential will be

automatically behind the bunch. The wake potential for a Gaussian bunch can be

calculated as [47]:

W‖(s) =∑
m

2k‖m
·cos

(

ωm
s

c

)

·exp

(

− ωm

2Qm

s

c

)

·exp

(

−1

2

(ωm

c

)2

σ2

)

. (3.22)

In this equation the index m indicates the modes with a longitudinal component of

the electric field on the axis. For the modes with higher azimuthal order i.e. dipole,

quadrupole etc. the loss factor depends on the offset of the exciting particle and

they have no considerable longitudinal electric field component on the axis [32].

Hence the monopoles play a significant part in determination of the longitudinal

wakefield. In the case of the cylindrical symmetry the voltage of the dipole modes

depends linearly on the radial offset of the beam (Vm ∝ a, where a is the radial

offset). According to Equation (3.19), therefore the loss factor for these modes

is proportional to the square of the bunch radial offset [46]. For the quadrupole

modes the dependency of the loss factor on the radial offset is in the order of 4th

power. It is worth to define the normalized transverse loss factor to calculate the

normalized transverse wake potential [48]:

kn
⊥m =

V 2
m

4Uma2n
, (3.23)

where superscript n determines the azimuthal order of the modes. (n=1, 2, 3,

... for dipole, quadrupole, sextuple etc.) It is obvious that kn
⊥m has the unit of

V/cm2n. The transverse delta wake potential of the modes with high azimuthal

order normalized to the charge of the bunch can be expressed as:

W nδ
⊥ (s) = ∑

m

2kn
⊥m · sin

(

ωm
s

c

)

· exp

(

− ωm

2Qm

s

c

)

. (3.24)

These wake potentials have the unit of V
C·cm2n since they are normalized to the

bunch charge and offset.

In order to evaluate the longitudinal and transverse wakefields for the designed

cavity it is first necessary to determine the higher order modes, their frequency

and their loss factors. Table 3.4 and 3.5 shows the CST Eigenmode solver results

of the monopole and dipole HOMs for the designed cavity respectively. It should

be noted again that monopole modes are the dominant modes in determining the

longitudinal wakefield while the transverse wakefield is affected mostly by the
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Table 3.4: Monopole modes of the designed cavity

freq. (MHz) QL Loss factor

2954 4016 9.0e7

2971 1570 1.5e8

2989 1226 5.6e9

2998 2950 2.3e12

4636 1022 1.2e5

4662 678 4.8e10

4670 358 4.6e11

5007 7781 6.9e9

5714 15081 2.8e5

5729 34333 2.9e4

5734 33380 1.1e4

dipole modes. Using Equation (3.22) one can calculate the longitudinal wakefield

from the HOMs , shown in Figure 3.12.

On the other hand it is possible to simulate the longitudinal wakefield directly

by CST Particle Studio [49]. Such simulation has been performed and the results

are shown in Figure 3.13.

Figure 3.12: Longitudinal wakefield calculated from the HOMs

As it can be seen from these figures, the longitudinal wakefield inside the

cavity is about 4 V/pC when 300 ns is elapsed after the first bunch, when the

trailing bunch is arriving (with assumption of 3 MHz bunch frequency at FLASH).

Therefore in a real assumption of the 1 nC charge of the bunch, the long range
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Table 3.5: Dipole modes of the designed cavity

freq. (MHz) QL Loss factor freq. (MHz) QL Loss factor

3734 424 2.6e5 5443 2524 5.1e5

3737 236 1.1e10 5445 13972 5.7e8

3777 15113 5.4e7 5549 1263 2.7e6

3794 196 2.4e4 5549 206 3.3e8

3861 16211 7.3e7 5626 8 4.0e8

3880 120 3.4e3 5627 251 6.8e5

3961 17870 7.3e8 5629 14613 1.8e8

3969 225 2.5e4 5692 7 2.3e5

4335 15078 4.4e8 5704 7030 3.4e5

4337 1928 1.4e3 5875 1609 1.4e4

4394 2031 2.1e5 5877 34563 1.3e4

4399 14950 2.6e8 6016 142 4.7e5

4470 995 1.5e5 6034 19333 2.7e7

4475 16923 2.7e9 6036 2600 1.9e5

4528 1802 6.1e4 6110 1719 1.5e6

4530 19146 2.9e9 6258 16811 2.4e5

4610 2852 1.6e4 6258 20106 3.6e5

5239 2719 1.0e6 6474 9170 4.5e5

5270 6955 8.8e5 6475 22471 3.8e7

5271 472 4.6e9 6670 423 4.7e9

5337 1530 6.4e5 6670 5788 3.4e6

5339 13124 3.6e9

longitudinal wakefield will be 4 kV. This wakefield can change the arrival time of

the bunch by 15 fs which is not acceptable considering the desired femtosecond

resolution.

Figure 3.14 shows the Fourier transform of the simulated wakefield which is called

wake impedance [46]. This spectrum shows the frequencies which are involved

in the wakefield and their amplitude. One can find in fact the HOMs frequencies

and their loss factors from the wake impedance [47]. What is important in this

spectrum is that the contribution of the fundamental mode in the wakefield is by

far more than the other modes. This contribution of the beam in exciting the

operating mode is called beam loading effect [1]. So by subtracting the beam

loading effect, which is practically possible by using beam loading compensation

methods [50, 51], one can find that part of the wakefield which is origined from

the modes other than the fundamental mode and in other words the part of the

wake potential which cannot be compensated. Figures 3.15 and 3.16 show the
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Figure 3.13: Longitudinal wakefield simulated with CST

mentioned wake potential calculated and simulated by CST respectively.

Figure 3.14: Wake impedance simulated with CST

As it can be seen from these figures the effect of the HOMs on the longitudinal

wakefield of one bunch on the next bunch is less than 0.2 V/pC which means less

than 1 fs error in arrival time of the bunch. Therefore it is sufficient to take into

account the beam loading effect when the input power is going to be adjusted to

the desired value.

The transverse wake potential calculated from the HOMs is also shown in Figure

3.17. The transverse wake potential of one bunch at the time that the next bunch

enters the cavity (330 ns assuming 3 MHz, the maximum bunch repetition rate at

FLASH) is 10−3 V/pC/mm2. Considering the real values of 1 nC and 2 mm for

the bunch charge and the radial offset, respectively the transverse wake potential
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Figure 3.15: Longitudinal wakefield calculated from the HOMs when the funda-

mental mode is removed

Figure 3.16: Longitudinal wakefield simulated with CST when the fundamental

mode is removed

will be 4 V which is negligible [52].

3.4 Thermal simulation

One of the phenomena that might affect the precision of the cavity operation is

increasing the temperature of different parts specially the coupler during the op-

eration. Therefore in order to determine if it is feasible to use such feedthroughs

to couple the power into the cavity, one should find the temperature distribution
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Figure 3.17: Transverse wakefield calculated from the HOMs

during the operation of the cavity. The electric and magnetic field inside the cav-

ity and the thermal losses of different parts of the cavity and the coupler lead to

a heat generation and consequently the temperature of different parts of the cav-

ity increases. Thermal simulation can be operated using CST Mphysics Studio,

the Thermal solver [53]. This solver uses the thermal losses which is calculated

by CST Microwave Studio. Also one should define thermal surface properties of

different parts i.e. their emissivities. Since the input power is pulsed with 890

W and 1% duty cycle, the power scaling factor should be adjusted to have a to-

tal power of 8.9 W. The cooling water is assumed as a perfect thermal conductor

whose temperature is equal to the operation temperature. The simulated temper-

ature of the different parts of the cavity is displayed in Figure 3.18 while Figure

3.19 shows the temperature of the feedthrough and the loop clearer. The oper-

ating temperature in this simulation is assumed to be 20◦C. A higher operating

temperature will not change the temperature distribution and just adds an offset to

the temperature of all parts. As it can be observed the maximum temperature of

the feedthrough is about 70◦C which is completely tolerable for the feedthrough

since according to its provider claims the upper limit for the operating tempera-

ture of this feedthrough is 300◦C. One should note that the input power which is

considered for this simulation is the maximum power that will be injected to the

cavity in the worst case of the arrival time ±150 fs. Since in the real operation the

arrival time jitter is not always the maximum, the input power and consequently

the temperature of the feedthrough and its loop would be lower than the simula-

tion value.

59



By increasing the temperature of the loop from 20 ◦C to 70 ◦C, because of ther-

mal expansion the size of the loop will change slightly which changes the coupling

constant from 4.13 at 20 ◦C to 4.11 at 70 ◦C. This leads to a change in accelerating

voltage by maximum 50 V which is practically negligible.

Figure 3.18: Temperature distribution of the cavity for 8.9 W average power.

Figure 3.19: Temperature distribution of the loop and feedthrough

Figure 3.20 shows the temperature of the feedthrough and loop if only one loop

is used to couple the input power to the cavity. In this situation the temperature of

the loop may increase up to 200 ◦C which is not a secure value. Hence, thermal

stability can be considered as another reason to use two loops instead of one input

loop.

3.5 Multipacting simulation

When a cavity is filled by electromagnetic fields the electrons which are driven

from the cavity walls can absorb energy from these fields which is called electron
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Figure 3.20: Temperature distribution of the loop and feedthrough when one loop

is used

loading [1]. Electron loading causes some unwanted effects one of which is mul-

tipacting. Multipacting raises from the secondary electrons which are generated

by the first electron when it collides with the cavity walls. If the average num-

ber of the secondary electrons is more than one and also if the direction of the

electric field changes after the collision the secondary electrons will fly towards

the opposite wall and will generate more electrons in turn. This process will con-

tinue until it is limited by the space charge of the electrons. This phenomenon is

called multipacting [54]. Both kinematic and physical conditions are necessary to

have multipacting. In other words the electric field direction should change when

the first electron reaches one wall and also the number of the secondary electrons

should be more than one. Generally multipacting occurs in lower electric fields.

For example it is more likely to have multipacting during the filling of a cavity

in comparison with the situation when steady state is reached [54]. For the de-

signed cavity hence it is worth to evaluate the multipacting possibility since the

electric fields are not too high inside the cavity. Such simulation can be performed

using CST Particle Studio. For this purpose the metallic walls are introduced as

the potential particle sources. Then the electric field distribution from the Eigen-

mode solver is defined as the electric field. A particle tracking solver simulates

the trajectory of 10000 initial electrons inside the cavity. If the number of these

electrons increases by time it shows that multipacting occurs.

The simulation has been performed for the designed cavity at different levels of

the input power which result is shown in Figure 3.21. As it is shown in this figure,

multipacting will not occur for the designed cavity in the operating power range.

However, it is clear from this figure that for lower values of the input power the

number of the electrons decreases slower than for the higher powers. Figure. 3.22
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shows the trajectory of the simulated particles. This figure can be used to deter-

mine the regions of the cavity in which multipacting is more likely i.e. the regions

with more electron concentration. So it is better to pay more attention in cleaning

such areas.

Figure 3.21: Number of the particles vs. time

Figure 3.22: particles trajectory

3.6 Circuit models of the cavity

Generally, direct application of Maxwell’s equation is a useful method to find the

detailed information about the resonant frequency as well as the field distribution

inside the cavity [32]. However, it is not simple to deal with these equation spe-

cially when it is required to take the generator and input couplers into account. As

discussed in chapter 2 an easier way is to model the cavity, its generator and the
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coupling mechanism using an equivalent AC-circuit model. Since all the details

of the system can be determined by solving Maxwell’s equation which are all lin-

ear, it is possible to model it by a linear AC-circuit containing simple R, L and C

elements.

In the first part of this section we focus on the coupling mechanism. Therefore, in

this part the whole cavity is considered as a single resonator. As we will see the

results help to find the optimum operation of the cavity. The second part is de-

voted to evaluate the coupling between the cells of the cavity in which each cell is

modeled by a single resonance circuit in same way as the analysis that is proposed

in the section 2.3 for the REGAE buncher. However the circuit is now more pre-

cise and its outstanding benefits in the tuning process of the cavity is introduced

and verified by simulation.

3.6.1 Power Coupling Mechanism Modeling

Figure 3.23 shows the circuit model for the cavity, its input couplers and the gen-

erator. As it can be seen in this figure the generator is modeled by a current

circuit with an input resistance of Z0 which is connected to a coupling mechanism

through a waveguide with characteristic impedance of Z0. It is assumed that the

generator is matched to the waveguide to set the reflected power from the waveg-

uide to the generator to be zero. The input couplers are modeled by ideal trans-

formers with turns ratio of 1:n1 and 1:n2 where ni depend on the coupling between

the cavity and the waveguide. The cavity itself is modeled by a RLC parallel cir-

cuit where R = rs/2 is equal to half of its effective shunt impedance. It is more

convenient to transform all the circuit elements to one side of the transformer ac-

cording to ideal transformer rules as shown in Figure 3.24. The coupling constant

β should be defined for the input couplers as a measure of the waveguide-to-cavity

coupling strength. When the generator is switched on, a part of the stored energy

inside the cavity will be radiated to the outside which will be dissipated in the

output load that is actually the generator input impedance. We call this dissipated

power Pext . If the dissipated power inside the cavity (in the conducting walls) is

Pcav, then the coupling constant β can be defined as [1]:

β ≡ Pext

Pcav
. (3.25)

According to the above definition and using the transformed circuit elements

depicted in Figure 3.23, it is straightforward to show that the coupling constant

can be written as βi = R/n2
i Z0.

Now we calculate the accelerating voltage of the cavity as a function of the input

power and the coupling constants. We assume that the total input power is Pin
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Figure 3.23: The equivalent circuit of the cavity and the coupling mechanism

Figure 3.24: Equivalent circuit of the cavity transformed into the resonator circuit

which is divided to two parts P1 and P2 that are injected to the cavity via the first

and second couplers respectively. It is more convenient to solve the circuit for

each generator separately and then use superposition to find the total voltage of

the cavity [55]. First we consider only the first generator, in this case the circuit

can be shown as Figure 3.25. From the microwave theory we know that if a wave

is emitted from the generator into the cavity the reflection coefficient caused by

the cavity load impedance ZL is [36]:

Γ =
ZL −Z0

ZL +Z0
, (3.26)

where Z0 is the characteristic impedance of the waveguide between the cavity and

the generator. In the situation displayed in Figure 3.25 the load impedance would

be:

ZL = R‖R/β2 =
R

β2 +1
, (3.27)

and the reflection coefficient:

Γ =
ZL −Z0n2

1

ZL +Z0n2
1

=

R
β2+1

− R
β1

R
β2+1

+ R
β1

=
β1 −β2 −1

β1 +β2 +1
. (3.28)
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Figure 3.25: Equivalent circuit of the cavity transformed into the resonator circuit

when only one generator is switched on

Hence, the transmitted power from the first generator inside the cavity will be:

PT = P1(1−Γ2) = P1
4β1(β2 +1)

(β1 +β2 +1)2
. (3.29)

A part of this power will be radiated from the cavity via the second coupler which

value can be calculated using Equation (3.25). The power that will remain and

dissipate inside the cavity can be calculated as:

Pcav1 =
PT

β2 +1
= P1

4β1

(β1 +β2 +1)2
, (3.30)

and the voltage of the cavity:

V1 =
√

rsPcav1 =
√

P1rs
2
√

β1

β1 +β2 +1
. (3.31)

Therefore the total voltage of the cavity when both generators are considered can

be calculated using superposition:

V =
√

rs
2
√

P1β1 +2
√

P2β2

β1 +β2 +1
. (3.32)

As it can be seen from Equation (3.32) the cavity voltage depends on the coupling

constants of the input couplers. It can be shown that for a given input power of

P = P1 +P2, the maximum cavity voltage is achievable when:

P1

P2
=

β1

β2
, (3.33)

which is :

Vmax =
√

(P1 +P2)rs
2
√

β1 +β2

β1 +β2 +1
=
√

Prs
2
√

β

β +1
. (3.34)
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which is equal to the voltage when there is only one coupler with a coupling

constant of β . The dependency of the cavity voltage on the coupling constants for

a given input power is shown on Figure 3.26.

Figure 3.26: Ratio of the cavity voltage to the maximum achievable voltage for a

given input power as a function of coupling constants and power division

3.6.2 cell to cell coupling modeling

In this section a circuit model for cell to cell coupling is investigated which can

be used to understand the effects of the physical parameters of the cells and the

irises on the coupling between the cells, mode separation etc. The proposed model

is somehow similar to the model considered for the REGAE buncher with some

modifications that make it more precise to be used. First such model is introduced

and then the application of this model for tuning the cavity is studied.

The four cell normal conducting cavity is modeled by the circuit displayed if Fig-

ure 3.27. As it can be seen each cell is modeled by a parallel RLC resonator circuit

and the coupling between the cells is modeled using a capacitor between the cells.

The cell to cell coupling can also be modeled by using coupled inductances via

their mutual inductance. Since the coupling between the cells is provided through

the irises on the axis of the cavity where the electric field is maximum and the

magnetic field is minimum, one expects to have electric coupling between the

cells and therefore it is more realistic to consider capacitors as the coupler in

the circuit model instead of inductors which introduce magnetic coupling [36, 1].

However if one uses mutual inductances to model the coupling between the cells

66



the final equations would be the same as the results of this model since the two

considered circuits are dual [55].

Figure 3.27: Circuit model of the cavity

To find the steady state solution of this circuit on can write four Kirchhoff’s

current law equations for each node:

V1(
1

R1
+ 1

L1 jω +C1 jω +C12 jω)−V2C12 jω = 0,

V2(
1

R2
+ 1

L2 jω +C2 jω +C12 jω +C23 jω)−V1C12 jω −V3C23 jω = 0,

V3(
1

R3
+ 1

L3 jω +C3 jω +C23 jω +C34 jω)−V2C23 jω −V4C34 jω = 0,

V4(
1

R4
+ 1

L4 jω +C4 jω +C34 jω)−V3C34 jω = 0 .

(3.35)

After some algebra the set of the equations given in (3.35) can be written as:

V1(1− ω2
01

ω2 − jω01

Q1ω )−V2k12 = 0,

V2(1− ω2
02

ω2 − jω02

Q2ω )−V1k21 −V3k23 = 0,

V3(1− ω2
03

ω2 − jω03

Q3ω )−V2k32 −V4k34 = 0,

V4(1− ω2
04

ω2 − jω04

Q4ω )−V3k43 = 0,

(3.36)

where ω0n and Qn are the resonant frequencies and the quality factors of

the individual resonators if they were uncoupled which are equal to 1√
LnCneq

and

RnCneqω0n, respectively. Here Cneq means the equivalent capacitance of each cell

when the other cells are assumed to be short circuit. C2eq would be for instance

C2 +C12 +C23. Here ω is the assumed frequency of a steady-state oscillation

(normal mode) and kmn = Cmn

Cmeq
are the coupling constants between the adjacent

cells. It is more convenient to write the equation (3.36) as:
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V1(
1

ω2
01

− 1
ω2 − j

Q1ωω01
)−V2

k12

ω2
01

= 0,

V2(
1

ω2
02

− 1
ω2 − j

Q2ωω02
)−V1

k21

ω2
02

−V3
k23

ω2
02

= 0,

V3(
1

ω2
03

− 1
ω2 − j

Q3ωω03
)−V2

k32

ω2
03

−V4
k34

ω2
03

= 0,

V4(
1

ω2
04

− 1
ω2 − j

Q4ωω04
)−V3

k43

ω2
04

= 0 .

(3.37)

When some resonators are coupled to each other their coupling constants deter-

mine the mode separation of the whole system. The stronger the coupling between

the cells the larger the difference between the adjacent modes. As an approxima-

tion when kmn ≪ 1, one can consider ω −ω0n ≈ knω0n where kn is the average

coupling constant between the n− th cell with its neighbors. So the imaginary

part of the above equation can be written for example in the first equation as:

j

Q1ωω01
≈ j

Q1ω2
01(1+ k12)

≈ j(1− k12)

Q1ω2
01

. (3.38)

Hence, equations (3.37) can be approximated by:

V1(
1

ω2
01

− 1
ω2 − j(1−k12)

Q1ω2
01

)−V2
k12

ω2
01

= 0,

V2(
1

ω2
02

− 1
ω2 − j(1−k2)

Q2ω2
02

)−V1
k21

ω2
02

−V3
k23

ω2
02

= 0,

V3(
1

ω2
03

− 1
ω2 − j(1−k3)

Q3ω2
03

)−V2
k32

ω2
03

−V4
k34

ω2
03

= 0,

V4(
1

ω2
04

− 1
ω2 − j(1−k43)

Q4ω2
04

)−V3
k43

ω2
04

= 0,

(3.39)

where k2 and k3 are defined as (k21 + k23)/2 and (k32 + k34)/2, respectively. One

can write equations (3.39) in the matrix form as:

LV =
1

ω2
V , (3.40)

where L is the circuit matrix:

L =





























1− j
(1−k12)

Q1

ω2
01

− k12

ω2
01

0 0

− k21

ω2
02

1− j
(1−k2)

Q2

ω2
02

− k23

ω2
02

0

0 − k32

ω2
03

1− j
(1−k3)

Q3

ω2
03

− k34

ω2
03

0 0 − k43

ω2
04

1− j
(1−k43)

Q4

ω2
04





























, (3.41)
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and V is the vector of the cell voltages:

V =









V1

V2

V3

V4









. (3.42)

According to Equation (3.40) which is an eigenvalue equation, 1
ω2 is the eigen-

value of matrix L. Since L is a 4× 4 matrix, it has four eigenvalues which corre-

spond to four normal modes of the cavity, i.e. 0-mode, π/3-mode, 2π/3-mode,

and π-mode. Hence, by calculating the four eigenvalues of the matrix L one can

find the four T M010 normal mode frequencies of the cavity. In order to find the

eigenvalues and consequently the resonant frequencies the following equation has

to be solved:

det





























1− j
(1−k12)

Q1

ω2
01

−λ − k12

ω2
01

0 0

− k21

ω2
02

1− j
(1−k2)

Q2

ω2
02

−λ − k23

ω2
02

0

0 − k32

ω2
03

1− j
(1−k3)

Q3

ω2
03

−λ − k34

ω2
03

0 0 − k43

ω2
04

1− j
(1−k43)

Q4

ω2
04

−λ





























= 0. (3.43)

with the resonant frequencies: ω = 1√
λ

. Equation (3.43) can be solved numeri-

cally by MATLAB. Since L is a complex matrix its eigenvalues will be also com-

plex and so one can write the angular frequency as jω = α + jβ where β deter-

mines the resonant frequency as f = 2πβ while α represents the damping factor

which rises from the ohmic losses to determine the quality factor of each mode

[32]:

Q =
β

2α
. (3.44)

By calculating the eigenvalues of the circuit matrix it is therefore possible to find

the resonant frequencies as well as the quality factors of each mode. One of

the most important parameters of the cavity, which should be considered for the

application of the cavity and also during its tuning, is the electric field pattern

inside the cells. The maximum electric field of the cells on their axis can be

translated into the voltage of the cells in the circuit model which are actually the

eigenvectors of the circuit matrix. It is therefore possible to calculate the ratio of
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the maxima of the electric field inside the cells based on the circuit model. By

defining the ratio of the maxima of the electric fields in the cells as:

r21 =
max|E2|
max|E1| r31 =

max|E3|
max|E1| r41 =

max|E4|
max|E1| , (3.45)

one can solve the following equations to find the above parameters:





























1− j
(1−k12)

Q1

ω2
01

− 1
ω2 − k12

ω2
01

0 0

− k21

ω2
02

1− j
(1−k2)

Q2

ω2
02

− 1
ω2 − k23

ω2
02

0

0 − k32

ω2
03

1− j
(1−k3)

Q3

ω2
03

− 1
ω2 − k34

ω2
03

0 0 − k43

ω2
04

1− j
(1−k43)

Q4

ω2
04

− 1
ω2





































1

r21

r31

r41









= 0.

(3.46)

3.6.3 Using the circuit model for tuning of the cavity

One of the applications of the circuit model for the designed cavity is to predict

its behavior after some small changes which occur during the tuning. To make it

more clear, one should review the process of tuning such cavity. Since temper-

ature variation causes the change in the normal mode frequencies of the cavity

the aim of tuning is to adjust the π-mode frequency to its operating value which is

2998 MHz. First the cavity should be tuned in the laboratory at room temperature,

in this situation the fundamental modes can be measured by a network analyzer.

If the π-mode frequency is below or above the operating value the volume of the

cavities should be increased or decreased respectively. Tuning is performed by

making small changes in the shape of the lateral side of the cells by applying

gentle strokes on the tuning knobs which are made on the outer side of the cav-

ity. Such knobs are shown in Figure 3.28. But the main question is: “Which cell

should be tuned?”. The answer to this question can be found by considering the

electric fields inside the cells. As it is mentioned before the maximum amplitude

of the electric field along the axis should be equal in the four cells. So in order to

find the cell or the cells that should be tuned it is required to measure the electric

field in the cells and then determine the target with the aim of making the electric

field pattern as smooth as possible.
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Figure 3.28: The tuning knobs of the REGAE buncher

At room temperature as long as the cavity is not connected to a vacuum system,

it is possible to measure the electric field inside the cells by the bead pull method

[56]. In the bead pull method a small bead connected to a string is moved along

the axis of the cavity. The bead acts like a small perturbation and slightly changes

the resonant frequency of the cavity proportional to the square of the local electric

field [32]. However, this method is time consuming and tricky. Furthermore in

the working regime the cavity will heat up by the RF power. If the temperature

changes uniformly in all parts of the cavity the ratios of the electric fields will not

vary. Of course such situation is not guaranteed and it is likely to have a non-

homogeneous temperature distribution. In order to perform the tuning well, it is

still required to know the electric field pattern inside the cavity to have a guideline

for the tuning. In this situation there is no way to measure the electric field inside

the cavity since it is connected to the beam pipe. So it will be useful if one can

estimate the electric field pattern by means of the circuit model and its equations.

Here the steps of tuning based on the circuit model estimations are explained:

First of all at room temperature one can measure the absolute values of the funda-

mental modes, their quality factor and also the ratio of the electric field inside the

cells. From the mode frequencies and their quality factor one can find the complex

angular frequency of each mode. As it is mentioned before, the angular frequen-

cies and the ratios of the electric fields give us the eigenvalues and eigenvectors of

the circuit matrix L, respectively. It is therefore possible to decompose the whole

matrix L after these measurements. So the individual resonant frequencies of the
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resonators ω0n and the coupling constants between them kmn can be calculated

from the elements of the circuit matrix considering equation (3.41). ω01 and k12 ,

and Q1 for example can be calculated as follow:

k12 = Re(L12
L11

),

Q1 =
1−k12

Im(
L12
L11

)k12

,

ω1 =
√

k12
L12

.

(3.47)

When the cavity is transferred from room temperature to the working regime or

after tuning one or more cell, the circuit matrix will change. However if the nature

of changes are considered deeply, it makes sense to assume variations only for the

individual resonant frequencies. In fact we can consider that the coupling constant

between the cavities and also the individual quality factors will not change by

changing the temperature or by tuning one cell. So the new circuit matrix L′ can

be written as:

L′ =





























1− j
(1−k12)

Q1

ω ′2
01

− k12

ω ′2
01

0 0

− k21

ω ′2
02

1− j
(1−k2)

Q2

ω ′2
02

− k23

ω ′2
02

0

0 − k32

ω ′2
03

1− j
(1−k3)

Q3

ω ′2
03

− k34

ω ′2
03

0 0 − k43

ω ′2
04

1− j
(1−k43)

Q4

ω ′2
04





























, (3.48)

where ω ′
0n are the new values for the resonant frequencies of the cells. By defining

α , β , γ and η as:

α =
(

ω01

ω ′
01

)2
−1, β =

(

ω02

ω ′
02

)2
−1, γ =

(

ω03

ω ′
03

)2
−1, η =

(

ω04

ω ′
04

)2
−1 ,

(3.49)

one can rewrite equation (3.48) to:

L′ = L+L(1) , (3.50)
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where:

L(1) =





























α
1− j

(1−k12)
Q1

ω2
01

−α k12

ω2
01

0 0

−β k21

ω2
02

β
1− j

(1−k2)
Q2

ω2
02

−β k23

ω2
02

0

0 −γ k32

ω2
03

γ
1− j

(1−k3)
Q3

ω2
03

−γ k34

ω2
03

0 0 −η k43

ω2
04

η
1− j

(1−k43)
Q4

ω2
04





























. (3.51)

So L(1) can be written as follow:

L(1) = AL , (3.52)

where:

A =









α 0 0 0

0 β 0 0

0 0 γ 0

0 0 0 η









. (3.53)

According to (3.49) the diagonal elements of the matrix A are expected to be very

small, L(1) is therefore a very small matrix compared to L and can be considered as

a perturbation term in estimating the new eigenvalues. The eigenvalues of L′ can

be calculated in the first order perturbation theory. According to the perturbation

theory if a perturbation term A1 is added to a symmetric and positive definite

matrix A the eigenvalues of the new matrix A′ = A+A1 can be estimated as [57]:

λ ′ = λ +V T A1V , (3.54)

where V is the eigenvector of the unperturbed matrix. In our situation the circuit

matrix L is not symmetric but we can consider it as sum of one symmetric (LS)

and one asymmetric matrix (LAS) as:

L = LS+LAS , (3.55)

where:

LS =





























1− j
(1−k12)

Q1

ω2
01

− k12

2ω2
01

− k21

2ω2
02

0 0

− k21

2ω2
02

− k12

ω2
01

1− j
(1−k2)

Q2

ω2
02

− k23

2ω2
02

− k32

2ω2
03

0

0 − k32

2ω2
03

− k23

2ω2
02

1− j
(1−k3)

Q3

ω2
03

− k34

2ω2
03

− k43

2ω2
04

0 0 − k43

2ω2
04

− k34

2ω2
03

1− j
(1−k43)

Q4

ω2
04





























, (3.56)
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and:

LAS=



















0 − k12

2ω2
01

+ k21

2ω2
02

0 0

− k21

2ω2
02

+ k12

ω2
01

0 − k23

2ω2
02

+ k32

2ω2
03

0

0 − k32

2ω2
03

+ k23

2ω2
02

0 − k34

2ω2
03

+ k43

2ω2
04

0 0 − k43

2ω2
04

+ k34

2ω2
03

0



















. (3.57)

Since the coupling parameters are much smaller than the resonant frequencies the

asymmetric matrix is a very small matrix and can be considered as a perturbation

which is added to the symmetric matrix. The new network matrix after tuning

therefore can be written as:

L′ = L+L(1) = LS+LAS+L(1) = LS+LAS+A ·L . (3.58)

The eigenvalues of the new matrix using first order perturbation theory would be:

λ ′ = λS+V ST · (LAS+A ·L) ·V S

= λS+V ST · (LAS+A ·LS+A ·LAS) ·V S

≈ λS+V ST · (LAS+A ·LS) ·V S

= λS+V sT ·LAS ·V S+V ST ·A ·LS ·V S

= λ +λS(V ST ·A ·V S) .

(3.59)

where λS and VS are the eigenvalues and eigenvectors of the symmetric part of the

network matrix. Considering the elements of VS one can write the final equation

of equations (3.59) as follow:

λ ′
0 = λ0 +λS0

(

V 2
10
·α +V 2

20
·β +V 2

30
· γ +V 2

40
·η

)

,

λ ′
π
3
= λ π

3
+λS π

3

(

V 2
1 π

3

·α +V 2
2 π

3

·β +V 2
3 π

3

· γ +V 2
4 π

3

·η
)

,

λ ′
2π
3

= λ 2π
3
+λS 2π

3

(

V 2
1 2π

3

·α +V 2
2 2π

3

·β +V 2
3 2π

3

· γ +V 2
4 2π

3

·η
)

,

λ ′
π = λπ +λSπ

(

V 2
1π
·α +V 2

2π
·β +V 2

3π
· γ +V 2

4π
·η

)

,

(3.60)
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which can be written as:

λ ′
0−λ0

λS0
=V 2

10
·α +V 2

20
.β +V 2

30
· γ +V 2

40
·η ,

λ ′
π
3
−λ π

3

λS π
3

=V 2
1 π

3

·α +V 2
2 π

3

·β +V 2
3 π

3

· γ +V 2
4 π

3

·η ,

λ ′
2π
3

−λ 2π
3

λS 2π
3

=V 2
1 2π

3

·α +V 2
2 2π

3

·β +V 2
3 2π

3

· γ +V 2
4 2π

3

·η ,

λ ′
π−λπ

λSπ
=V 2

1π
·α +V 2

2π
·β +V 2

3π
· γ +V 2

4π
·η ,

(3.61)

⇒













V 2
10

V 2
20

V 2
30

V 2
40

V 2
1 π

3

V 2
2 π

3

V 2
3 π

3

V 2
4 π

3

V 2
1 2π

3

V 2
2 2π

3

V 2
3 2π

3

V 2
4 2π

3

V 2
1π

V 2
2π

V 2
3π

V 2
4π





















α
β
γ
η









=





















λ ′
0−λ0

λS0
λ ′

π
3
−λ π

3

λS π
3

λ ′
2π
3

−λ 2π
3

λS 2π
3

λ ′
π−λπ

λSπ





















. (3.62)

Equation (3.62) can be easily solved to find the unknown parameters α , β ,

γ and η . After calculating these parameters all the elements of the new circuit

matrix L′ are determined and so the new ratios of the electric field in the cells can

be calculated by solving the Equations (3.46). Hence, by determining the ratios

of the electric field inside the cavities one can find the cell that should be tuned.

After each tuning such calculation can be performed in order to find the new val-

ues. In fact the new results in each step should be considered as the old values

for the next step. In each step it is required to measure just the four fundamental

modes frequencies and their quality factors. By following the proposed algorithm

then it is possible to calculate the ratios of the electric field inside the cells and

consequently the cells that should be tuned can be determined.

3.6.4 Validation of the proposed method

In the previous section we introduced an algorithm to tune the cavity by employ-

ing the circuit model. In this section we try to investigate the usefulness of the

proposed algorithm for tuning the cavity. For this purpose we can use CST Mi-

crowave Studio to simulate two tuning processes, one using the proposed method

and the other without that. If the cavity is manufactured with the exact designed

values its resonant frequency will be the design frequency. Of course because of

manufacturing errors there will be some deviations from the designed value. be-

cause of such errors and also due to the simulation inaccuracy that might exist, the
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Figure 3.29: The electric field pattern inside the cavity after the modeled manu-

facturing and before tuning the cavity

resonant frequency of the designed cavity will be different from what we expect.

It is therefore necessary to tune the cavity. We can generate random errors by

considering the manufacturing tolerances which is 10 µm for the cells diameter.

By adding the errors to the designed cavity one can model a manufactured cavity.

The simulation results for this cavity shows a resonant frequency of 2995.6 MHz

and electric field pattern of Figure 3.29.

Then we modeled the tuning process by CST. In the first tuning we used the

proposed model to find the cell or the cells that should be tuned while in the second

method we assumed that there is no information about the electric field pattern

and hence we tune all the cells in each step. Furthermore the strikes on the cavity

body is assumed to decrease the diameter of the cells which value is somehow

a random amount in a reasonable range. Comparison of the electric field pattern

inside the cells for the two tuned cavities is shown in Figure 3.30. The range of the

vertical axis is adjusted in this figure so the difference between the two curves can

be distinguished more easily. It is clear from this figure that by using the circuit

model the tuning process can be fulfilled much more efficiently. As it can be seen,

if we don’t use the circuit model the electric field inside the cells would have a

difference of more than 10% while by using the proposed model this difference

will be less than 2%. Based on the discussion in section 3.1, 10% difference leads

to abou 0.4 fs error while 2% causes an error of just 0.015 fs.
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Figure 3.30: The electric field pattern inside the cavity after tuning with two meth-

ods

3.7 Summary and conclusion

A normal conducting cavity has been designed to correct the arrival time jitter of

± 150 fs at FLASH. This cavity acts as a fast actuator in a feed forward loop.

In order to correct the mentioned jitter the designed cavity has to be able to pro-

vide an accelerating voltage of 37.5 kV and the half bandwidth between 400 and

500 kHz. A mode separation of 9 MHz between the operating mode and its ad-

jacent mode was also needed. A solid-state amplifier provides the input power

of the cavity which will be injected via a loop coupling mechanism that has been

designed. Using loop coupling makes it possible to adjust the bandwidth of the

cavity even after manufacturing and installing it. The simulation results show that

the designed cavity fulfills all the required conditions. Furthermore wakefield,

thermal and multipacting simulations have been perform to evaluate the operation

efficiency of the designed cavity which show stable operation without negative

effects of the longitudinal and transverse wakefields, thermal expansions and mul-

tipacting phenomenon. The input coupling mechanism as well as the cell to cell

coupling have been modeled by electric circuits. Based on the proposed model

a novel algorithm is introduced to be used to find the optimum operation of the

cavity and also provide a guideline for the tuning process.
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Chapter 4

Design of ultra-fast electron

guns for AXSIS

4.1 Introduction

The advances in ultra-fast technologies in the past decades, led to the production

of strong short pulse radiation which can reach the single-cycle duration with very

strong peak fields. One can use such pulses in order to accelerate the particles en-

gaging the advantages in terms of higher thresholds for material breakdown due

to the short pulse duration and consequently introduce a promising path towards

increasing the acceleration gradients. It is the general belief that the increase in

the acceleration gradient augments the aptitude of the acceleration device in pro-

viding high quality bunches. The conventional accelerator technology is always

based on either continuous wave or long pulse operation, where resonant or guid-

ing structures are usually employed. In this chapter, we introduce novel structures

for electron acceleration which operate based on single-cycle pulses named as

ultra-fast guns. Inspired by the recent progresses in generating high power single

cycle THz pulses, we consider the design of ultra-fast guns in the THz regime.

The introduced guns are going to be used as the injector in the AXSIS project

(Attosecond X-ray Science: Imaging and Spectroscopy). In this project a fully

coherent attosecond X-ray will be provided and used for X-ray crystallography.

Such crystallography provides 3D images of the structure of molecules ranging

from small inorganic clusters to large protein complexes in atomic resolution [58].

Conventional particle accelerators consist of cascaded metallic or superconduct-

ing cavities or traveling wave tubes driven by high power electromagnetic fields

in the microwave regime [1]. The electrical breakdown of metals puts a strong

threshold for the accelerating fields which are typically 50-100 MV/m [59]. This

fact is the major factor determining the maximum achievable level of the acceler-
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ation gradients in all the accelerator facilities like SLAC, CERN’s compact linear

collider (CLIC) and the design of the next linear collider (NLC) [60]. More-

over, it is the main problem hampering the development of compact devices based

on relativistic particles. The small acceleration gradient dictates long accelerator

lengths thereby calling the need for large research facilities to achieve high en-

ergy monochromatic electron beams. Consequently, the acceleration efficiency,

both in terms of energy and cost, often suffers from the need for high energy lev-

els to fill the cavities. Therefore, the desire to realize compact accelerators has

spurred much research into the use of alternative acceleration schemes. As a re-

sult, advanced acceleration concepts, such as dielectric laser acceleration (DLA)

[25], laser-driven plasma accelerators (LPA) [61], laser wake-field acceleration

(LWFA), and THz acceleration are proposed and tested [62].

The empirical studies had initially shown that the electron field emission im-

poses a principal limit on the device operation. The electron field emission can

be scaled as f 1/2/τ1/4 with f the operation frequency, and τ the pulse duration

of the accelerating field, [59, 60, 63]. The above approximate scaling behavior

justified the tendency towards higher frequency and ultra-fast schemes to achieve

small accelerators. However, the recent study on largely gathered data from the

breakdown threshold of various accelerators demonstrated that the dominant fac-

tor limiting the acceleration gradients is the pulse heating of the accelerator walls

[64, 65]. This conclusion confirmed the lower operational gradients in the exist-

ing facilities compared with the predictions from the previously existing scaling

laws. According to their conclusion, the pulse duration of the accelerating field

plays the major role in the breakdown event. Therefore, focusing the efforts on

efficient acceleration using short pulses opens new potentials to shrink down the

size of such facilities.

During the past decades, the technologies for the generation of microwave and

millimeter-waves, as used in conventional accelerators, have been very well de-

veloped for the production of continuous wave (CW) radiation. Therefore, the

operating accelerators are mostly narrow-band devices functioning for a single

frequency excitation. Examples are the widely used cascaded cavities which oper-

ate based on a resonance behavior and traveling wave accelerators in which fields

of a guided mode are employed for acceleration. There is however a conceptual

gap between the standard accelerator technology and the ultra-fast laser science.

Hence, direct usage of a standard accelerator geometry excited by a short pulse

laser incurs wasting a large portion of the input energy. Many of the efforts to

achieve compact, or the so-called on-chip, accelerators will benefit considerably

from new concepts to efficiently accelerate particles using ultra-short pulse lasers.

Although the optical acceleration of electrons seems very promising in terms

of potentials for high acceleration gradients, the acceleration schemes based on

optical pulses suffer from the difficulties caused by the short optical wavelengths.
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As a rule of thumb, in order to prevent emittance growth and increased energy

spread, the electron bunch length should correspond to no longer than 5 degrees

of full optical cycle. This length at an IR wavelength of 2 mm corresponds to only

28 nm, which introduces strong limitations on the amount of charge per bunch ac-

celerated by the optical excitation. If we consider for example a 0.4 nC bunch with

the length of 30 µm (which are typical numbers for FLASH), one can scale down

the charge of the bunch with the length of 28 nm which would be about 0.4 pC.

Moreover, the necessary timing synchronization becomes more challenging with

optical acceleration. The timing synchronization is usually done with optical laser

pulses. Hence, the synchronization accuracy is limited to a fraction (1/3− 1/5)

of an optical cycle, i.e. 0.5 fs - 1 fs. However, to achieve a proper synchronization

for a 28 nm bunch size, one needs synchronization in the attosecond precisions.

Recently, research efforts devoted to THz pulse generation have realized single-

cycle pulse generation in the THz regime using optical rectification [66]. The

achieved performance in this process has reached 1 % optical to THz conversion

efficiency [67]. Considering that this source type uses a picosecond laser which

functions more efficiently than a femtosecond laser by orders of magnitude, the

overall efficiency of the THz acceleration with such short pulses becomes com-

parable to the optical acceleration. The benefit is then a longer wavelength and

relaxed limitations in the amount of charge per bunch. Nonetheless, this scheme

similarly demands ultra-fast accelerators.

The structures for accelerating particles using single-cycle THz pulses are dis-

cussed in this chapter. The designs can be scaled for cases with single-cycle (or

even sub-cycle) optical pulses. In this concern, suitable materials which provide

similar properties at the optical wavelengths, should be found and replaced. The

considered temporal profile of the excitation is shown in Figure 4.1, which is com-

mon in all the cases. It is namely a single-cycle pulse described by:

f (t) = A0e
−2ln2

(t−t0)
2

τ2 cos(ω(t − t0)+φ0) , (4.1)

where A0(x), t0 = x/c, and φ0 =±kx stand for the field amplitude, the time offset

from the reference time, and the carrier envelope phase of the signal, respectively.

All of these parameters are dependent on the spatial coordinate of the point where

the field is probed. ω = 2π f0 denotes the angular frequency of the signal and

τ = 1/ f0 is the pulse duration of the single-cycle pulse.

4.2 High energy ultra-fast guns

One of the main limitations of the conventional normal conducting cavities is the

field emission effect. Some recent experiments on cavities had measured values
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Figure 4.1: Temporal signature of a single cycle pulse considered as the excitation

of about 0.5 GV/m as the dark current threshold on some copper alloys [25]. This

means that increasing the energy of the input THz beam to achieve higher accel-

eration rates is not a realistic method. Moreover, the today’s THz generation tech-

nology has realized higher energy levels in the THz beams with constant improve-

ment in both the generation efficiency and THz power. Consequently, a question is

raised; how can one do an efficient acceleration using high energy short radiation

pulses without surpassing the field emission threshold? Here, we try to answer

this question by introducing structures which operate based on single-cycle THz

beams with around 2 mJ energy at 300 GHz central frequency. First, suppose that

this considered beam is focused down to one wavelength spot size. The direct cal-

culation of the electric field in the Gaussian beam leads to 0.58 GV/m maximum

field strength at the center of the pulse. An electron within this field can merely

move 0.14 mm during the accelerating cycle, which is one-tenth of the operation

wavelength. As a consequence, the electron very easily falls into the decelerating

cycle and an inefficient acceleration will take place. This calculation demonstrates

the necessity of developing a scheme in which the electron is influenced by the

beam over a long path.

For the purpose of electron acceleration using high energy beams, two impor-

tant points need to be looked at. First, the electron may gain relativistic energy,

which intensifies the effect of the transverse magnetic field in the accelerating

beam on the electron motion. This effect causes the electrons to leave the straight

trajectory for acceleration. In other words, the electron travel path is deflected.

Therefore, the designed gun should consider a setup in which the bunch is not de-

flected away from the aimed acceleration trajectory. Second, a high-energy THz

beam should not be focused to small spot-sizes. Otherwise, the field emission

threshold destroys the gun performance. Therefore, the operational spot size of

the beam will be much larger than the distance an electron can travel in one half-
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Figure 4.2: Not scaled schematic illustration of the multilayer gun operating based

on high energy single cycle pulses

cycle. As a consequence, to achieve an efficient acceleration, matching the phase

front of the THz beam with the electron trajectory is essential.

The configuration illustrated in Figure 4.2 is a 2D presentation of the concept

devised to solve the above two problems. First, two linearly polarized THz beams

are symmetrically coupled into the multilayer structure in order to cancel out the

effect of the magnetic field. Second, the phase front of the THz beam is divided

into several portions, which are out-coupled from each other using thin metallic

surfaces. In each layer, dielectric inclusions are added to delay the arrival time

of the pulse to the acceleration region. By properly designing the filling factor

of dielectrics and the thickness of each layer, continuous acceleration of electrons

from rest throughout the whole phase front can be achieved. The dielectric mate-

rial in the structure of Figure 4.2 is assumed to be quartz (εr = 4.41) due to its low

loss characteristics in the THz regime.

Based on the introduced concept of the acceleration using high energy single

cycle pulses, we proceed with developing a 3D scheme with real single cycle

THz pulse excitations. Focusing of the THz beams in the transverse plane (H-

plane), can potentially increase the field at the acceleration point and thereby the

acceleration efficiency. Therefore, we attempt to focus the incoming excitations

in the transverse plane. Furthermore, the thin metallic films which are suspended

in vacuum (Figure 4.2) must be avoided in a real device. The main purpose of

considering vacuum and quartz in the structure is to realize a dielectric contrast

to delay the different parts of the beam phase front. However, this goal can be

achieved with any pair of materials with various refractive indices. Hence, we

consider quartz (εr = 4.41) and teflon (εr = 2.13) for the realistic design.

The structure shown in Figure 4.3 is the ultra-fast THz gun designed for the

operation based on two single-cycle THz Gaussian beams with 1.1 mJ energy and

central frequency 300 GHz. The beam profile is flat top along the acceleration

axis and Gaussian in the transverse plane with 2 mm spot size. The assumption

for flat top wave front is motivated mainly by the THz generation process based on

high power lasers. The high power lasers usually operate in the saturation regime

which leads to a flat top wave front. However, this is not a limiting assumption.
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Figure 4.3: Schematic illustration of the ultra-fast electron gun designed for two

1.1 mJ THz beams from the two sides.

Table 4.1: length (Li) and thickness (Zi) of the quartz layers, The index i starts

counting at the electron source

Parameter Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8

Value (mm) 0.100 0.270 0.350 0.400 0.420 0.430 0.440 0.450

Parameter L1 L2 L3 L4 L5 L6 L7 L8

Value (mm) 0.200 0.865 1.550 2.250 2.950 3.700 4.400 5.100

For a completely Gaussian beam individual couplers can be designed to couple the

beam energy into the gun input. The detailed dimensions of the designed device

are shown in Table 4.1.

The propagation of the electromagnetic field in this structure has been sim-

ulated by CST microwave Studio. Some snapshots of the electromagnetic field

propagation inside the layers are sown in Figure 4.4. It can be seen in this figure

that the electromagnetic wave needs different times to travel in each layer. How-

ever, the waves from opposite layers arrive simultaneously to the middle of the

gun. Since the electric fields of these waves are in the same direction they will

be added in spite of the magnetic fields that cancel out because of their opposite

directions. Figure 4.5 shows the required time dependency of the electric field at

the middle of the eight layers as well as the port signal for 1 W input power. As

it is shown in this figure, the electric field in each layer crosses zero from nega-

tive values when the electric field in the previous layer crosses zero from positive

values. To fulfill such conditions one should select the proper value for the length

of the quartz layer to make the desirable delay between the electric field in the

adjacent layers.
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Figure 4.4: snapshots of the wave propagating along the gun in 30 fs intervals

Figure 4.5: The required electric field distribution in the middle of the layers (for

1 W input power)

84



Figure 4.6: The electric field that we expect the electrons see while passing

through the gun

As mentioned the thickness of the layers should also be designed so the elec-

trons enter each layer when its electric field crosses zero level and starts to increase

and leave the layers before the electric field sign changes. Hence the electric field

that we expect that the electrons experience can be shown as in Figure 4.6.

In order to fulfill this condition an iterative method has been employed. From

the analytical estimation one can select the initial values for the thickness of the

layers. Then a time domain simulation with CST determines the electric field

pattern inside the layers. As the next step one has to simulate the electrons ac-

celeration although it is not possible to simulate it directly with CST. For this

purpose, the electric field on the axis of the gun is sampled in 2 fs time intervals

by CST and then the velocity, energy and position of an electron is calculated

using a MATLAB code. From the acceleration results in a iterative way one can

select the optimum values for the thickness of the layers. The results of the elec-

tron acceleration study for the optimized structure are depicted in Figure 4.7. One

can easily distinguish the times in which the electron is in the transitions between

two layers from the energy curve. It is also clear that the final energy of the elec-

tron would be about 2.1 MeV. It should be noted that from the simulation one can

also optimize the time at which the electron should be released from the cathode.

The acceleration of an electron bunch has also been simulated. Since it is not

possible to do this study by a standard software such as CST, a home made DGTD

(Discontinuous Galerkin Time Domain) solver has been used. By generating a

photoemission bunch at the instant with Ez =-200 MV/m and performing PIC cal-
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Figure 4.7: The velocity (left) , energy (middle) and position (right) of the elec-

trons while passing from the cathode along the axis of the accelerating structure.

culations with point-to-point space charge, the acceleration of an electron bunch

in the proposed gun is simulated. We assume that a 20 fs UV laser pulse generates

1 pC charge over a 60 µm spot size. The bunch is modeled using 20’000 macro-

particles. The simulation results are shown in Figure 4.8. The results demonstrate

acceleration of 40% of the bunch to 2.1 MeV with 1.5% energy spread. The main

reason for the particle loss is the deflection of the electron trajectories out of the

considered vertical path and collision with the metallic layers.

4.2.1 Sensitivity analysis of the designed cavity

A sensitivity analysis for the designed guns is very useful when real applications

are aimed. The results of such analysis can be used to determine the manufactur-

ing tolerances as well as the precision requirements of the input signal. Generally

the most critical parameters of the gun are the thickness and length of the quartz

layers which include 16 values. In this analysis, each value has been swept in a

reasonable range while the other parameters are kept constant and equal to the

design value to find the sensitivity of the gun to the target value for the param-

eter. After each change we calculated the equation of motion to determine the

electrons final energy. Such analysis has also been performed for the input central

frequency as well as the injection time of the electrons. The results of the analysis

are shown in Figure 4.9, which shows a low sensitivity of the gun performance

to the desired dimensions and also the excitation frequency. This can be another

advantage of the single cycle gun in comparison with the resonant cavities which

are extremely sensitive to their dimensions and the excitation frequency. We know

that for instance by changing the diameter of one cell of the cascaded cavities their

important parameters such as resonant frequency, distribution of the field inside

the cells and also external quality factor will change. These changes can have a

huge effect on the operation of the cavity specially the ones considered to perform

86



Figure 4.8: Acceleration of about 0.9 pC photoemitted bunch in the high energy

THz gun: (a) bunch charge, (b) length (rms), (c) transverse size (rms), (d) mean

energy, (e) energy spread (rms) are depicted in terms of the traveled distance. The

phase-space of the output bunch is also shown in (f).
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Figure 4.9: sensitivity analysis for (a) thickness of the layers, (b) length of the

quartz layers, (c) input central frequency, and (d) electron injection time

as guns.

4.3 100 GHz single cycle gun

As a result of the considered THz generation scheme in the AXSIS project, it may

become inevitable to use a single cycle signal with the central frequency of 100

GHz. In this respect, another gun has been designed to be able to accelerate the

electrons up to the same energies as in the 300 GHz gun (about 2.1 MeV). Here

we make some simple calculations to have an insight into the dimensions of the

new gun and generate a scaling algorithm for other possible frequencies.

We assume that the 100 GHz gun uses the total input energy equal to the

300 GHz and accelerates the electrons up to 2.1 MeV like the previous one. We

show the total thickness (height), length, and width of the gun by H, L, and W,

respectively (Figure 4.10), and these parameters for the gun to be designed by H ′,
L′ , and W ′. Let us assume that the height of the 100 GHz gun is α times larger
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Figure 4.10: definition of the gun dimensions

than the height of the 300 GHz gun: H ′ = α ·H. If the peak of the electric field

in the middle of the gun is called ξ , one can write the rough energy gain of the

electrons as ∆E = ξ ·H , so applying the equal energy gain condition yields to:

ξ ′ ·H ′ = ξ ·H ⇒ ξ ′ =
1

α
·ξ . (4.2)

To apply the equal input energy one can use the Poynting vector. We know that the

power flow from a cross section is equal to the integration of the Poynting vector

over the area. Since the amplitude of the Poynting vector is proportional to the

square of the electric field and considering that the total duration of the 100 GHz

signal is 3 times larger than the 300 GHz signal the equal input energy condition

can be written as:

ξ ′2 ·H ′ ·W ′×3 = ξ 2 ·H ·W

⇒(
1

α2
·ξ 2) · (α ·H) ·W ′×3 = ξ 2 ·H ·W

⇒W ′ =
α

3
·W . (4.3)

As mentioned before we make the gun in a horn shape to focus the input

signal and enhance the field at the middle of the gun where it interacts with the

electrons. However, making this cross section smaller than the value that leads to

a cut-off frequency larger than the operating frequency should be avoided. Hence,

the width of the gun is determined by the frequency with a linear relationship and

for the 100 GHz gun it would be three times larger than for the 300 GHz design,

W ′ = 3W . Applying this result with equation (4.3) leads to α = 9 for the ratio

of the electric field in the two designs. So the height of the 100 GHz gun would
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be 9 times larger than the 300 GHz gun. Now, we investigate the effect of the

number of the layers. At the first layer, since the electrons are not yet relativistic

one can use classical equations of motion according to which the distance that

the particle passes in a certain time with a constant acceleration is proportional to

its acceleration and square of the time. As a comparison between the two guns

and since the electron acceleration a is proportional to the electric field and since

the time depends on the frequency one can say a′ = a
9 and t ′ = 3t. The distance

that the electron passes during one cycle is therefore equal in the two cases which

means the thickness of the first layers would be similar in the two gun designs. On

the other hand, for the above layers the electron is relativistic and travels almost

the same distance in each cycle which is equal to the half of the signal wavelength,

so the thickness of the above layers is three times larger than the thickness of these

layers for 300 GHz gun. Considering the discussed issue and the fact that the total

height of the new gun should be 9 times larger than the old one we expect that

number of the layers in 100 GHz gun would be more than three times larger than

for the 300 GHz gun. The exact number of the layers would be determined by the

simulations during the design. The length of the gun is also strongly dependent

on the number of the layers. As it is explained in each layer we have teflon and

quartz. Since the quartz layers are responsible to make a delay between the arrival

time of the signal in each layer, the length of the quartz inclusion should be larger

by certain value than the previous layer. This value causes a delay of the duration

of the signal. In the 100 GHz gun the duration of the signal is three times larger

and on the other hand the number of the layer would increase more than three

times which leads to an increase the length of the gun more than 9 times. As a

summary one can write the following relation between the dimensions of the two

guns:

H ′ > 9H; W ′ = 3W ; L′ > 9L; n′Layers > 3nLayers , (4.4)

where nLayers is number of the layers. One can easily follow the mentioned

method to find the general relation of scaling the size of the gun with respect to

the frequency as:

H ′ > (
f

f ′
)2H; W ′ =

f

f ′
W ; L′ > (

f

f ′
)2L; n′Layers >

f

f ′
nLayers . (4.5)

It is worth to mention that if we want to keep the power constant and not the energy

it would be sufficient just to scale the dimensions of the gun. That means just by

scaling the designed gun for 300 GHz with a scaling factor of 3 it would work

with the same power as a single cycle signal leading to 3 times more energy. We

can write a general relation equivalent to equation (4.5) for the case of constant

power:
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Figure 4.11: Cross sectional view of the 100 GHz gun

H ′ =
f

f ′
H; W ′ =

f

f ′
W ; L′ =

f

f ′
L; n′Layers = nLayers

and E ′ =
f

f ′
E ,

(4.6)

where E and E ′ are the required energies.

Since the gun for 100 GHz has a rather large number of layers it is a too time

consuming design process and it would be better to design the layers separately.

For this purpose, each layer is designed by simulating the layer itself and the layers

above and below it. After designing the layers separately, final simulations of the

whole structure has been performed to confirm the expected gun operation. The

designed gun has 28 layers which corresponds to the aforementioned predictions.

The other dimensions of the two guns are summarized in Table 4.2.

Table 4.2: Dimensions of the designed guns for 300 GHz and 100 GHz

W L H

Value (mm) for 300 GHz gun 3.5 14 2.9

Value (mm) for 100 GHz gun 10.5 130 29.5

A cross sectional view of the designed gun is shown in Figure 4.11. Figure

4.12 also shows the designed gun besides the one for 300 GHz to have a better

understanding about the sizes.

Same as for the 300 GHz gun the acceleration of the electrons has been calcu-

lated from the electric field sampled on the axis of the gun. The results are shown

in Figure 4.13. Again in the energy curve one can distinguish 28 different layers

which represent the 28 layers. However it is more difficult to recognize the layers

in comparison to the acceleration curve for the 300 GHz gun (Figure 4.7). The

final energy of the electrons is about 2.1 MeV i.e. the same as for the 300 GHz

gun.
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Figure 4.12: Size comparision of the two guns

Figure 4.13: Acceleration results for the 100 GHz designed cavity
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Figure 4.14: The transverse electric field pattern in a Gaussian beam, this beam

propagates in z direction

4.4 Coupler design

The THz generator provides a single cycle Gaussian beam which means the spa-

tial distribution of the field as well as it temporal distribution is Gaussian. Such

Gaussian beam is shown in Figure 4.14. The electric field of such Gaussian beam

should be coupled to a rectangular waveguide in which the electric field in the op-

erating mode (T E01) is shown in Figure 4.15. It is constant in y direction while its

x dependence is a sinusoidal function. Therefore, a coupler should be designed to

transform the Gaussian distribution of the field to the shape of a waveguide mode

and to a flat-top transverse profile. The coupler has to be well designed so the

maximum amount of the beam is transferred into the gun.

The idea is to use metallic layers to split the Gaussian beam into eight parts

and then inject them into the layers. On the other hand, the shape of the coupler

is designed to be a horn. While the Gaussian beam passes the coupler it will

be focused because of the properties of the Gaussian beams. The horn taper is

designed to focus the beam to the rectangular dimension. Figure 4.16 shows a

cross section of the designed coupler with its dimensions. The metallic layers that

are used to split the beam are shown in this figure. The focus point of the beam is

assumed to be at the end of the coupler which is actually the beginning of the gun.

The metallic layers will start in a distance equal to the Rayleigh length of the beam

from the gun. At the end of the gun, this layer will be connected to the metallic

layers of the gun, so the space between them is the same as the thicknesses of

the layers. But in the beginning of the coupler one has to design the distances
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Figure 4.15: The transverse electric field pattern of T E01 mode in a rectangular

waveguide, this wave propagates in z direction

between the layers in a manner that the Gaussian beam is split in correct slices.

Since the amplitudes of the electric field in the gun layers have to be equal, the

ratios of the power of the signal inside the layers are proportional to the thickness

of the layers and one can easily calculate the distances of the metallic layers of the

gun by considering the integration of the Gaussian beam. Such idea is depicted in

Figure 4.17. It should be noted that these layers are perpendicular to the electric

field and will not disturb the Gaussian beam.

Simulations show that 95% of the power of the Gaussian beam will couple to

the gun using this coupler. Figure 4.18 shows some snapshots of the electric field

distribution inside the coupler. The overall schematic of the gun with its coupler

is displayed in Figure 4.19. The acceleration simulation was carried out for the

overall structure whose results are shown in Figure 4.20. It can be seen that with

the same energy of 2mJ the electrons are accelerated up to 2 MeV.

4.5 Investigation of using cavities as Gun for AXSIS

After introducing the ultra-fast guns, it is worth to investigate the possibility of

using conventional cavities to accelerate the electrons. Based on our THz genera-

tor limitations the maximum number of the THz pulses that can be provided to fill

the cavity is 50. It is therefore necessary to design a cavity with a quality factor of

about 50 that can reach a steady state mode within 50 pulses. To achieve this goal,

one should decrease both unloaded and loaded quality factor that means increas-
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Figure 4.16: Cross sectional view of the Gaussian beam coupler

ing the power dissipation in the cavity walls as well as increasing the reflected

power from the cavity to its coupler. The first cavity that has been designed based

on the discussed issues is shown in Figure 4.21. It is a four cell normal conducting

cavity with a resonant frequency of 100 GHz for the π - mode. As it can be seen,

the THz signal is emitted from both sides through silicon wafers. By changing the

doping level of these wafers one can adjust the quality factor of the cavity.

In order to find out if the designed cavity can operate as a gun, the time domain

simulation has been performed by CST microwave studio. The electric field on

the axis of the cavity in the middle of the cells is shown in Figure 4.22.

There are some points in this figure that should be considered. First, one sees that

it takes much more time for the two middle cells to be filled with the electromag-

netic field rather than the first and last cell. The reason is that the field is emitted

from the first and last cells after firstly filling these cells. Afterwards, the fields

will be coupled from these cells to their neighbors. The other issue is that even

after reaching the steady state for all the cells the envelope of the electric field is

not flat that means there is a fluctuation in the amplitude of the field inside the

cavity. The reason of these fluctuations is the same as the phenomenon that we

discussed in chapter 2 for the REGAE buncher. Here, again the adjacent mode is

excited in addition to the operating mode. This problem is even more severe here

because of the high bandwidth of the modes as a result of their low quality factor.

In fact, the mode separation in the designed cavity is smaller than the bandwidth

of the modes which leads to an overlap of the resonant curves for the π - mode

and 2π/3 - mode. So the electric field inside the cavity would be a superposition

of these two modes. Another consequence of this phenomenon is that the phase
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Figure 4.17: Schematic explanation of the idea of designing the coupler, the eight

areas (Si) are proportional to the power (Pi) in the eight layers
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Figure 4.18: Side view snapshots of field inside the coupler

Figure 4.19: cross sectional and isometric view of the gun with its coupler
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Figure 4.20: Acceleration calculation results for the compelete structure

Figure 4.21: The designed four-cell normal conducting cavity
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Figure 4.22: The filling process of the designed four cell cavity

difference from one cell to the next cell varies with time and is not always 180◦.

This effect is shown in Figure 4.23.

Some of the mentioned problems can be solved if we use a two-cell cavity. If

the THz signal enters the coupled cavities from both sides the cells will be filled

simultaneously within a small number of pulses. Furthermore for a two cell cavity

there will be only two T M010 modes (0-mode and π -mode) with mode separation

frequency larger than the difference between the π -mode and 2π/3-mode in a

four cell cavity. The phase difference between the cells in this case is also a super-

position of zero and π which is always π . The cross sectional view of the designed

cavity as well as the time domain simulation results are displayed in Figures 4.24

and 4.25. It can be seen from this figure that it is possible to fill this cavity within

about 10 cycles. Hence, it seems to be more appropriate for the AXSIS project

than the four cell cavity. The important parameter of the designed cavities is the

amount of energy required for the electron acceleration. In order to simplify the

comparison between the cavities and the multilayer guns we calculated the re-

quired energy to accelerate the electrons up to 2 MeV, the same energy that we

can reach by the multilayer guns. From the CST time domain solver one can find

the electric field amplitude for a given input power. The results shown in Figures

4.22 and 4.25 are obtained by 1 W input power assumption. From these results,

by scaling the electric field that is roughly needed to accelerate the electrons one

can find an approximate estimation for the required energy which would be 110

mJ and 320 mJ for the two cell and four cell cavities, respectively. These values

of the required energy is much more than that we need for the multilayer guns (2
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Figure 4.23: Cell to cell phase difference changes by time

mJ).

One may wonder “what is the reason for the big difference between the re-

quired energy in these two mechanisms?” To find the answer to this question one

can calculate the required energy from another method. By running the Eigen-

mode solver of CST, one can find the electric field distribution inside the cavity.

It is even possible to calculate the field distribution of a pillbox cavity in T M010

mode [36, 32]. In CST Eigenmode solver the amount of the stored energy is al-

ways assumed to be 1 Joule. The electric field on the axis of the two cell cavity

is shown in Figure 4.26. For accelerating the electrons up to 2 MeV, we need a

5 times smaller electric field that means a 25 smaller stored energy (40 mJ). On

the other hand, from the definition of the quality factor one can easily find the

required power:

Q =
ωU

P
⇒ P =

ωU

Q
, (4.7)

where U , the stored energy would be 40 mJ here and the angular frequency ω of

2π×1011 rad/s. By substituting these values in the above equation, we need about

109 W power that leads to 0.1 J energy by considering the time of 10 cycles. This

calculation verifies the results from the time domain solver. Additionally, one can

find the reason of high energy need. From the equation 4.7, one sees that the

amount of the required power is reversely proportional to the cavity quality factor.
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Figure 4.24: The two cell designed gun

Figure 4.25: Filling process of the designed two cell cavity
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Figure 4.26: The electric field inside the cells on the axis of the two-cell cavity as

calculated with the CST Eigenmode solver

The smaller quality factor, the larger the required power. In fact, one can conclude

that filling a cavity by a few cycles and using it to accelerate the electrons would

not be a good idea since due to the low quality factor of the cavity a lot of power

is required. In such a case, a better method is to add the power of the cycles to

make a single cycle pulse and accelerate the electrons by this one cycle. This is

actually the same method that we used in ultra-fast guns that have been introduced

in the first part of this chapter. It should be noted however, that using the cavities as

gun has some advantages in comparison with the introduced multilayer structures.

Because of their symmetric structure cavities can provide higher quality beams

with probably more charge. Besides they would be more stable than a single cycle

structure. In fact there is a trade-off between the required energy and the beam

quality and its stability. Some recent progresses show that it may be possible

to have about 300 THz cycles. With this number of the THz cycles it may be

possible to benefit from the resonance properties of the cavities to accelerate the

electrons consuming less energy. However, it would be necessary to study some

other aspects of these cavities such as thermal issues, metallic breakdown and

multipacting.

4.6 Summary and conclusion

The attempt to achieve high acceleration gradients for developing compact accel-

erators is strongly hampered by the breakdown threshold of the materials used in

the accelerating devices. The pre-existing scaling laws together with the recent

findings confirm the strong relaxation of break down limits with the reduction of

pulse duration. On the other hand, the remarkable progress in ultra-fast technolo-
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gies has enabled the generation of very short pulses from the optical to the RF

regime. Therefore, the development of broadband devices for the efficient accel-

eration of particles using ultra-short pulses is an important contribution towards

the realization of compact accelerators. Novel structures to accelerate the elec-

trons from their rest energy to relativistic velocity have been introduced in this

chapter. We use a multilayer ultra-fast gun which works with a single cycle THz

signal. The simulations show that it is possible to accelerate the electrons up to

2.1 MeV using the proposed structure fed by 2 mJ input energy. Two different

guns are designed to operate at 100 GHz and 300 GHz central frequencies. A

mechanism to couple the Gaussian beam to these guns has also been introduced.

It transmits 95 % of the input signal to the gun. It is also investigated if it makes

sense to use normal conducting cavities to accelerate the electrons. The simula-

tions show that if we want to use a few THz cycles, we would need at least 100 mJ

energy to achieve the same acceleration as for the multilayer structures that means

50 times more energy as a result of the low quality factor of the cavities. However

it is worth to study cavities that can be filled with 300 cycles, the number of THz

cycles that seems to be feasible to be provided. Using such cavities, one may be

able to generate higher quality and more stable bunches. Thermal issues, metallic

breakdown and multipacting are some of the problems that have to be investigated

for the cavities.
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Chapter 5

Summary and Outlook

RF cavities in advanced accelerators are not only responsible for increasing the

particle energy, but they are also widely used to improve the beam quality and

additionally for beam diagnostics. In the first two parts of this work we described

such applications. First a new buncher cavity has been designed for the REGAE

facility. In the existing buncher cavity at REGAE the difference between the

π-mode which is the operating mode and other T M010 normal modes (specially

2π/3-mode) is small in terms of resonant frequency which causes some unwanted

effects on the machine operation. The main goal of the new design was there-

fore improving the mode separation. Physical parameters of the cavity such as

thickness of the disks between the cavity cells, iris radii and diameter of the cells

have been adjusted to achieve this goal. In the newly designed cavity the differ-

ences between the π-mode and the 2π/3-mode, π/3-mode and 0-mode have been

increased from 2, 7 and 12 MHz in the existing cavity to 9.5, 35 and 59 MHz.

The design of a normal conducting cavity to stabilize the arrival time of the elec-

trons at FLASH is discussed in the second part. In order to correct an arrival time

jitter of ±150 fs, the designed cavity has to be able to provide an accelerating

voltage of 37.5 kV and the half bandwidth between 400 and 500 kHz. A mode

separation of 9 MHz between the operating mode and its adjacent mode was also

needed. A solid-state amplifier provides the input power of the cavity which will

be injected via a loop coupling mechanism that has been designed. Using loop

coupling makes it also possible to adjust the bandwidth of the cavity even after

manufacturing and installing it. The simulation results show that the designed

cavity fulfills all the required conditions. Furthermore, wakefield, thermal and

multipacting simulations have been performed to evaluate the operation efficiency

of the designed cavity which show stable operation without negative effects of the

longitudinal and transverse wakefields, thermal expansions and multipacting phe-

nomenon. Both cavities described in chapter 2 and 3 are modeled with electric
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circuits. Dealing with electric circuits is easier rather than the Maxwell’s equation

that makes it easy to understand the mechanism of the operation of the cavities.

The input coupling mechanism as well as the cell to cell coupling have been mod-

eled by electric circuits. Based on the proposed model a novel algorithm is also

introduced to be used to find the optimum operation of the cavity that provides

a guideline for the tuning process. After manufacturing the cavity, the next step

would be preparing it to the laboratory tests to measure its resonant frequency,

quality factor and tuning it in the room temperature. Then one should clean it

carefully to make it ready to be installed in the FLASH main line.

To achieve higher energies of the particles in the accelerators, one solution is to

decrease the wavelength of the electromagnetic field by increasing the operating

frequency. However, the electrical breakdown of metals put an upper limit to the

accelerating gradient which can be provided by the metal cavities. It is there-

fore of high importance to engage novel accelerating methods and structures that

need less size and expenses which can accelerate the particles in higher frequency

fields. In the fourth chapter a novel structure to transfer the energy from a THz sig-

nal to the electrons is introduced. This structure is going to be used as an ultra-fast

gun in the AXSIS project(Attosecond X-ray Science: Imaging and Spectroscopy).

We use a multilayer ultra-fast gun which works with a single cycle THz signal.

The simulations show that it is possible to accelerate the electrons up to 2.1 MeV

using the proposed structure fed by 2 mJ input energy. Two different guns are de-

signed to operate at 100 GHz and 300 GHz central frequencies. A mechanism to

couple the Gaussian beam to these guns has also been introduced which transmits

95 % of the input signal to the gun. The possibility of using the metallic cavities

to inject the electrons in this frequency range has been also investigated briefly.

The simulations show that if we want to use a few THz cycles, we would need at

least 100 mJ energy to achieve the same acceleration as for the multilayer struc-

tures that means 50 times more energy as a result of the low quality factor of the

cavities. However it is worth to study cavities that can be filled with 300 cycles.

This number of THz cycles seems to be feasible to be provided based on the new

technologies. Using such cavities, one may be able to generate higher quality and

more stable bunches. Thermal issues, metallic breakdown and multipacting are

some of the subjects that have to be investigated for the cavities.
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