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THE GENERAL DESCRIPTION OF THE DISSERTATION
Relevance.

High-power radio frequency (RF) systems have been used in many industrial
applications. One of the main applications of these systems is in industrial accelerators, which is
the objective and the main goal of this dissertation. Main goal of the present study is to design
and optimize RF systems of an industrial electron accelerator. Here, we carry out analytical
calculations and perform numerical simulations to study design of an RF system for an industrial
electron accelerator. First, we introduce and compare different types of industrial accelerators
and examine their applications. Then, by considering principles of operations of an RF system in
an accelerator, we simulate and evaluate different components of an industrial Rhodotron
accelerator.Rhodotrons accelerators are known as one of the most powerful industrial
accelerators. One of the issues with the present accelerators is the use of RF vacuum tubes in
their RF system. RF vacuum tubes have many disadvantages, for instance, short lifespan which
entails frequent replacements in short intervals of time, burdens extra expenses, prevails difficult
maintenance, and causes risks associated with high-voltage conditions. Furthermore,
manufacturing technology of RF tubes is only available in several industrial countries; therefore,
supplying the tubes in many countries is not expedient. Thus, we introduce solid state amplifiers
as an alternative technique and review advantages of using them in electron accelerators to
overcome problems associated with using RF vacuum tubes. A new RF system for an electron
accelerator, particularly for a Rhodotron accelerator using the alternative solid state amplifiers
method, is designed and studied based on the numerical simulations. To simulate the RF system
of an accelerator and study dynamics of an electron beam in an accelerator, we utilize CST
Studio, Ansoft HFSS, ADS, Superfish, and Ansys commercial codes. In addition, math tools
such as Matlab and computer aided design packages such as Autocad Electrical, Solid works,
Orcad, and circuit analysis code Protel are used in this study. Nonetheless, most of the
numerical simulations are carried out using CST Studio 2010. Different environments of this
software used in this dissertation to design and analyze new accelerator include: CST Microwave
Studio, CST Design Studio, and CST Particle Studio. Finally, a new transistor-based accelerator
is proposed and designed by based on the numerical simulations. This accelerator can work with
solid state amplifier module and can be connected directly to the acceleration cavity without

using either a power combiner and high-power transmission lines or an input coupler.



This design can work with high-power industrial electron accelerators, is small in volume, and
has low-manufacturing costs.

Principal aim of this dissertation:

This dissertation aims to design a high power industrial electron accelerator with the main goal
of optimizing the RF system.

For this aim different tasks have been studied including:

1 — Assessment and comparison of different types of electron accelerators available for industrial
applications,

2 — Studying principles of operations and structure of an industrial RF accelerator, analyzing and
performing numerical simulations of its components,

3 — Design and simulation of electron gun as a primary electron generator suitable for a RF
industrial electron accelerator,

4 — Analysis and simulation of the RF system in a Rhodotron accelerator,

5 — Design and simulation of a new RF system for an industrial accelerator, and Optimization of
a RF system by replacing the RF tube with a solid state amplifier to resolve current problems
associated RF tubes in Rhodotron accelerators.

The main goal :

We are looking for design of an industrial RF electron accelerator which is
1 — Easy and inexpensive to maintain and repair,

2 — Safe,

3 — Small in volume,

4 — Economical,

5 — Affordable and suitable to local conditions.

6- high power and high energy

Scientific contribution and novelty of the work is as follows:

1 — According to the studies conducted here, we conclude that a Rhodotron accelerator is one of
the most powerful industrial electron accelerators currently available.

2 — From optimizing the performance of the cavity in an electron accelerator, finding effective
parameters in the design of a cavity and their effects on the RF parameters, and achieving an
optimum configuration for the cylindrical and coaxial cavities based on CST Studio simulations,

we conclude that (i) cylindrical cavities with rounded corners and nose have better performance



than those without a nose and (ii) coaxial cavities with the end-bent-arched walls have the best
performance among all the shapes.

3 — To achieve an appropriate design for the electron gun of an RF electron accelerator with
abilities to gain impedance match, high current beam, circuit synchronizations, RF field in the
acceleration cavity, and the primary generator for the electron beam source, we ascertain that a
Triad gun with the thermionic structure and RF modulation is the most suitable electron beam
generator for industrial accelerators.

4 — To find the best shape of an input loop coupler which provides RF power for coaxial cavity,
we note that an input coupler with a rectangular loop has the best performance.

5 — According to our calculations, we conclude that with an appropriate design and replacement
of the coaxial cavity, wavelength of the equivalent coaxial resonance can be changed to the half-
wavelength for Rhodotron accelerators, this eventually reduces the return losses.

6 — Investigations on the role of a solid state amplifier to be used instead of an RF tube in an
accelerator show many advantages of solid state amplifiers such as modulation, easy to maintain,
no need to use high voltage, and no need for a start-up time.

7 — Comparison of resonance of the power combiner in cylindrical and coaxial cavities shows
that in low frequencies the coaxial combiners are more suitable than cylindrical combiners.

8 — According to the feasibility study done on feeding power into the cavity using multiple input
coupler , we ascertain that due to severe interaction between ports, multiple-port method is not
very safe in practice, in this feasibility study, we note that uniform change of impedance in all
ports, change in configurations of couplers, change in couplers dimensions, and angles as well as
position of coupler within the acceleration cavity do not have positive effects on return power
and isolation between ports.

9 — According to the study conducted here, it is found that slitting a cavity and connecting the
cavity directly to RF generator excite the cavity to the resonance. With direct connection of the
amplifier modules around the slit ,we are to build based solid state accelerators without the need
for power combiners, transmission lines, and a input coupler. These accelerators are high in
power, small in volume and, quite economical,

10 —we are able to show potential applications of CST for design and analysis of accelerators.
We note that this software is comprehensive and quite appropriate for analyzing accelerators.

Main statements for defense

1 — To increase synchronism and concentration of the electric field and the electron beam in a



cylindrical acceleration cavity of a linear accelerator, the cavity should have a nose. Also to
increase the quality factor and decrease the losses, the cavity should be spherical.

2 - To increase the shunt impedance in a coaxial cavity, both ends of the coaxial cavity should be
bowed. For this case, the height of cavity should be increased to preserve resonance frequency at
the half-wavelength.

3 — To have a highly efficient accelerator, the electron gun should be connected to an RF
feedback circuit and the RF phase regulator should be connected to the electronic gun.

4 — To have the best amplifier coupled to the coaxial cavity of a RF acceleration, magnetic
coupling should be used by means of an input coupler by rectangular loop.

5 — To design an affordable, safe, easy to use, and low cost maintenance accelerators the solid
state amplifiers should be used instead of RF vacuum tubes

6 — To reduce the final cost of solid state amplifiers, number of power combiners and
transmission lines must be reduced. This can be achieved by designing an acceleration cavity
containing a slit and connecting solid state amplifiers directly to the cavity.

7 — To improve s parameter, increase efficiency, and reduce the voltage drop due to presence of a
slit in an acceleration cavity containing a slit, a secondary cavity must be used. The secondary
cavity is basic and small in size located around the slit such that it surrounds internal amplifiers.
8 — To connect solid state amplifiers directly to the acceleration cavity containing a slit,
amplifier modules must be symmetrically located around the acceleration cavity and output
signals from the amplifier should be co-phased and co-amplitude.

Approbation of the results and publications extracted from this dissertation:

Main achieved results of dissertation have been reported to International conference on the
technique of microwave and THz waves and its application in biomedical and radar technologies
and in remote sensing, Ashtarak-Aghveran (Aremina, 2010) and several seminars in department
of radiophysics, Yerevan state university, and Institute of Radiophysics and Electronics, NAN
RA, and published in following articles:
1. A. Poursaleh. "Design and simulation of the RF modulated electron gun for high power
industrial accelerators". Archives Des Sciences Vol 65, No. 2; pp:10-18, 2012
2. A. Poursaleh, "Numerical Investigation of Input Loop Coupler Configurations for a High
Power Industrial Accelerator with a Coaxial Cavity". International Journal of Applied

Engineering Research Vol 7, No 3, pp. 321-331, 2012



3. A. Poursaleh, A. Hakhoumian” The effect of acceleration cavity configurations on
electron linear accelerator parameters”. Information technologies and management,
pp.206-216, 2012

4. A. Poursaleh" The effect of Coaxial Cavity Configuration on RF parameter in High
Power Electron Accelerator " International Journal of Applied Engineering Research,
Vol 7, Nol10, pp: 1153-1159, 2012

5. A. Poursaleh, A. Hakhoumian. "Scientific and technical investigations of industrial
electron accelerators", International Conference “The Technique of Microwave and THz
Waves and its Application in Biomedical and Radar Technologies and in Remote
Sensing”, Ashtarak-Aghveran, Aremina, pp:105-108, 2010

6. A. Poursaleh, A. Hakhoumian, B. Abbasi. "The new design of rf system for high power
industrial electron accelerators" International Conference “The Technique of Microwave
and THz Waves and its Application in Biomedical and Radar Technologies and in
Remote Sensing”, Ashtarak-Aghveran, Aremina, pp:109-112, 2010

Structure of the dissertation

This dissertation includes an introduction, five chapters, and conclusion. It includes 170 pages,
170 figures, 18 tables and 120 references.

THE PRINCIPAL SUBSTANCE OF THE DISSERTATION

(A brief overview)

This dissertation is organized into five chapters. In Chapterl, principles of operations,
classifications of industrial accelerators and their applications are presented. Electron
accelerators are categorized into two groups (a) electrostatic (DC) accelerators and (b) radio
frequency (RF) accelerators. We describe principles of operations of accelerators and state
different components of accelerators in this chapter. We briefly explain the two main industrial
electron accelerators including: electrostatic accelerators ELV models and Dynamitron. We also
introduce linear RF accelerators with either one-stage acceleration cavity or several acceleration
civilities and also multi-stage accelerators with an acceleration cavity. For instance, we have
given specifications of different types of accelerators in Table 1. Also in Fig. 1, we have

compared well-known industrial accelerators in terms of energy power and power of the beam.



At the end of Chapter one, various applications of industrial electron accelerators have been

introduced.

Table 1. Specifications of three different types of accelerators.

1 BENRARGY(MeV) mPOWER OF BEAM *10(K
Parameter DC RF s1pgle RF linear 80 ‘ il ( W)|
cavity 70
Electron 0.05-
energy SMeV 10 mev 2-10MeV 50
Average 50
beam <1.5A <100mA <100mA 40
current 30
Average 20
400kW 700kW 50kW
beam power 10 A
Electrical © ¢ 0500 20-50% 10-20% 07 A
efficiency T ECEg 3 20T 5Bl Ec Bs
F 100- 1.3-9GH T @ E“IE §8 o= t‘%‘t% %3 %5 gg
requency - 200MHz 3- z 55 5- L

Figl. Comparison of different industrial accelerators in terms of energy and power of the beam.

In Chapter2, structure and theory of RF accelerators are studied. Based on Maxwell's
equations, we obtain design expressions for the resonance cavity of an accelerator. First, we
simplify these equations, find important parameters such as resonance frequency of the electric
and magnetic fields, stored energy, power loss, quality factor, transit time, shunt impedance ,
R/Q ratio, and the stress field for a pill box cavity of accelerators. Afterwards, we calculate
dimensions of a pill box cavity and design it. Later, we study various shapes of cylindrical
cavity of a linear accelerator based on numerical simulations using CST software package.

Figure 2 shows various shapes of a pill box cavity.

(b) (c)
Fig2. Various shapes of a pill box cavity, from left to right: (a) simple pill box cavity (b) spherical pill

box cavity (c) simple pill box cavity with nose, and (d) spherical pill box cavity with nose



After performing the simulations, for a linear accelerator, the effects of presence of nose and the

gap size on various parameters such as quality factor, transit time, shunt impedance, and R/Q are

studied. For instance, Fig. 3 shows the effects of nose gap size on various parameters.
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Fig3. Effects of nose gap size on various parameters of a linear accelerator.

From Fig. 3, we understand that increasing nose gap size (or decreasing height of the nose) in the

cavity results in higher quality factor and increase the shunt impedance, however; it decreases

the transit time and ratio r/q. Therefore, an optimal point is the mid distance between two walls

of the cavity. The effects of changing dimensions of an acceleration cavity on frequency and

quality factor are shown in Fig. 4.
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Fig 4. Effects of changing dimensions of cavity on frequency and quality factor.
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After careful examination of an acceleration cavity, we study the effect of a multi-cavity

configuration in a linear accelerator. In this section, various resonance modes are studied and the

effects of traveling and standing waves in accelerators are compared. Table 2 shows results from

comparison of these two waves. Also Fig. 5 shows the simulation of the electric field lines of an

acceleration cavity with a five-cell acceleration module and resonance mode of n/2, that is one of

the common modes in linear accelerators.



Table 2. Results from comparison of traveling and standing waves.

Parameter TW accelerator ~SW accelerator
Shunt impedance Low High
Isolator or circulator Not needed Needed
Maximum accelerating High -2A Low-0.5A
Beam current

Tuning sensitivity High Low
Input coupler design Complex Simple
Buncher design Rather complex  Simple
Spectrum sensitivity .

on accelerating field Low High
Coupler Dual Single
Coupler position First and last Any

Fig 5. /2 resonance mode in a five-cell acceleration module.
At the end of this chapter, we investigate various components of an accelerator and study a RF
system in a linear accelerator. We describe methods for the RF coupling and present the
equivalent circuit diagram and provide the corresponding equations.In Chapter 3, we study
main components for source of an electron generator in an accelerator. The electron gun is the
first component from which generating and accelerating electrons in an accelerator should be
studied. In this chapter we analyze and simulate electron guns which are briefly discussed in the
first and second chapters. The main objective of this chapter is to design an electron gun suitable
for RF accelerators and examine different types of thermionic cathodes and indicate important
parameters for designing an electron gun. Then, we design an electron gun with RF modulator
compatible for an RF accelerator. Figure 6 shows the electric circuit diagram for the designed

electron gun of a high-power industrial RF accelerator

Kz

=T

GRII POWER
TUPPLY
COC EJas)

Fig 6. Circuit diagram of an electron gun designed Fig7. Pattern of cathode and anode cavity

and the produced beam
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.The designed electron gun is simulated using Particle Studio environment of the CST Studio
package. Sketch showing pattern of cathode and anode in the cavity and beam produced is
shown in Fig. 7.In this design, the effects of different parameters such as optimum anode-
cathode voltage and grid-to-cathode voltage on the beam current are investigated. Also feeding
power to excite RF electron guns, perveance, and emittance are studied. Results from the

numerical simulations are shown in Fig. 8 (a-d).
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Fig 8. Results from the numerical simulations: (a) the effect of grid-to-cathode voltage on the electron
beam current, (b) relation between anode voltage and emittance, (c) relation between anode-cathode

distance and perveance, and (d) relation between RF phase and grid-to-voltage and the beam current.

The results show that the designed electron gun with RF modulation is suitable for a RF electron

accelerators.
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In Chapter 4, we study the structure of a high-power RF electron accelerator, i.e. a Rhodotron
accelerator using a coaxial cavity. Hence, we study RF system of a Rhodotron accelerator.
First, coaxial cavity related equations are considered and important parameters such as resonant
frequency, electric and magnetic fields, shunt impedance, transit time, stored energy, power
losses, and quality factor are calculated. Bases on numerical simulations, exact dimensions of
the coaxial cavity of a 107 MHz Rhodotron accelerator are computed.Also to find an optimized
acceleration cavity, to maximize the efficiency of the accelerator, several shapes of cavity are
considered and simulated. Figure 9-a shows different shapes of an acceleration cavity for which
the effects of dimensions on surface flow, shunt impedance, and resonant frequency are plotted

in Fig.9.
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Fig 9. (a)Different shapes of an acceleration cavity.(b) The effects of dimensions on

surface flow, (c) shunt impedance, and (d) resonant frequency.

Results from simulations show that the shape of the coaxial cavity, shown in Fig. 9 in bold line,
is the optimum option. In a Rhodotron accelerator to achieve the electron beam of 10 mev

energy and 100 kW power, it is required to have an RF system with the peak power at 200 kW.
12



This can be achieved with multi-levels of amplifiers. In Chapter 4, components of an RF system
of a Rhodotron accelerator such as low level RF (LLRF), pre-driver amplifiers, driver amplifier,
and final amplifier are discussed. Pre-amplifier is a 100 W solid state amplifier which we have
designed and tested. However, the driver and final amplifiers have RF vacuum. The driver
amplifier uses a TH 341 tube which amplifies RF power to 10 kW and the final amplifier
increases the ultimate power to 200 kW. Because of the importance of the final amplifier
particularly location of the TH 781 tube in the acceleration cavity, we have analyzed this
problem using the CST software. A section-cut view of the cavity and tube located on the upper
part of the acceleration cavity is shown in Fig. 10a. We also have compared from the
simulations impedance matching and return loss for the input and output ports of tube cavity and
compared those with the experiments in Fig.10b,c . The results from simulation are in a good

agreement with those obtained from the experiments.

Input part of final rf

. 0 & 3
tube cavity A ]
1 2 5
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I Experimental
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frr——= A [y

'lv v

s — Jimlation
| — Diperiments

(a) (c)
Figl10. (a)Section cut-view of the acceleration cavity showing location of the tube. (b)Comparison of

impedance matching and return loss for the input and ( c)output ports of a rf tube cavity .

Moreover, RF coupling with the acceleration cavity is accurately studied. To do so, for exciting

the acceleration cavity, three types of input couplers with various shapes are proposed and

13



simulated, Figure 11 shows cross section of the coupler and its location inside the acceleration

cavity.

Final tube cavity

(a)
Fig 11.(a) Three types of couplers studied.(b) Cross-section view of the coupler and (b) location of the
coupler inside the acceleration cavity

Results from the numerical simulation considering different dimensions of the coupler are shown

in Fig. 12. Bases on these results optimum dimensions, location, and angle of a coupler inside

the accelerator cavity is determined.
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At the end of Chapter four, we provide details of design of a new accelerator. To reduce power
losses in an accelerator with dimensions similar to those of a Rhodotron accelerator, we show,
based on the numerical calculations, that the length of cavity must be equal to the wave length.

Figure 13 illustrates a section-cut view of the new designed accelerator.
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Fig 13. Section-cut view of the conceptual designed accelerator.

In Chapter 5, high power RF systems including a solid state amplifier is studied. The main
objective of this chapter is to investigate feasibility of replacing an RF vacuum tube with a solid
state amplifier in the industrial accelerators. First, we review solid state amplifier technology,
assess high power transistors, and learn about benefits of solid state amplifiers over an RF
vacuum systems. We evaluate some of the high power RF transistors such as BLF574 and MRF
6VP41KH. Furthermore, we look into the various high power combiners to be used for the solid
state amplifier and determine important design criteria and finally simulate a Wilkinson
combiner. Then, we study SOLEIL synchrotron facility in France, in which the solid state
amplifier technology being used. Afterward, we focus on design of a new RF system for the
high power Rhodotron accelerator. Figure 14 shows the schematic sketch of a 200 kW RF
system with a solid state amplifier. This amplifier includes 20 x 10 kW amplifiers.
Subsequently, design and manufacturing a 10 kW continuous-wave (CW) amplifier are
explained. Different components of this amplifier are shown in Fig. 18.In the design of this
amplifier, based on the calculated loss power twelve modules of 1 kW are used. Each module
consists of two BLF 574 push-pull transistors biased in the AB class, a power supply, control and
measuring circuits, and a circulator.According to the block diagram shown in Fig. 15, this
amplifier consists of three groups of quaternary amplifiers. There is a 1/3 micro-strip splitter at
the input of this amplifier which divides the 100 W input power into three and supplies it to the
amplifier modules using an 1/4 splitter.
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Figl4. Schematic sketch of a 200 kW RF system with a transistor amplifier for a Rhodotron accelerator.

In a similar manner but in the reverse order, the output power from the amplifier modules is
combined. All the components of this amplifier are designed and simulated using ADS and CST
Studio software. Results from the simulations are compared with those from the experiments,

results are in a reasonable agreement.
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Fig15. the block diagram and some components of our 10 kW solid state amplifier .
To transfer power from a high power solid state amplifier, it is required to have an appropriate
transmission line and the proper coupler. Here, we have designed an adjustable coupler which

able to transfer 200 kW power from the transistor amplifier, see Fig. 16.
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Fig 16. Section-cut view of the designed high power coupler and its position on the acceleration cavity

16



Shown in Fig.17, based on the numerical simulations the effects of different dimensional
parameters of this coupler on the return loss and impedance matching at input are studied.
Optimum length and width, step length, angle, and position of the coupler in the acceleration

cavity are obtained from these results.
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Figl7. The effects of different dimensional parameters of the designed coupler on (a) return loss and (b)

impedance matching.

One of the important issues in design of couplers is the cooling of the system. In this design, this
issue is solved by designing a suitable cooling system including pipeline and paths for the input
and output ports.Some of the advantages of this RF system comparing to the vacuum tube
system include: (i) system modulation which enhances easiness for upgrading, repairing and
maintaining the system. However, in a vacuum tube system when a single vacuum tube is
broken, entire system has to be shut down for maintenance; (ii) the designed system does not
need high voltage power supplies, while a system with the vacuum tube deals with high voltage
which entitles physical risks; (iii) the designed system, unlike vacuum tube systems, does not
need start-up time and does not suffer from issues related to installation; (iv) lifetime of the
system is higher than that of a RF vacuum tube, (V) solid state systems can be built locally. Thus,
with reference to the design, we are able to build a transistor-based RF system for an industrial
electron accelerator such as Rhodotron. However, building this system for a Rhodotron
accelerator is expensive, where most expenses are due to the need for power combiners. To
solve this issue, we therefore intend to design an accelerator in which the acceleration cavity can
also act as power combiners. In other words, RF amplifiers are connected independently to the
cavity. Figure 18 is displaying schematic sketch of this design. Our main goal in this section is

to perform feasibility studies of using this method in the accelerators.

17



Solid stat rf N
amplifiers

Accelerator out put
(horn)

Input couplers
ding magnet

Acceleration cavity
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To provide exact details of this design, we initially evaluate and investigate several cavity type
power combiners and select the suitable one for the case study to perform experiments. Here,
several examples of pill box cavity and the coaxial cavity in TM and TEM resonance modes are
studied. A power combiner is then designed based on analytical calculations and numerical
simulations. Afterwards, the combiner is built and tested. Results of the simulations and those

of experiments are in a good agreement. The designed combiner is shown in Fig.19.

Fig19. Example of the power combiners designed and built.

Based on the results of the simulations and those of the experiments, we find out that in a
particular frequency, coaxial cavity combiners are performing better than pill box cavities. The
most important characteristics of these combiners include: smaller volume, higher quality factor,
and also easiness in adjustment. Therefore, we have chosen the coaxial cavity and performed
feasibility studies and carried out experiments. Based on the dimensions calculated for an
acceleration cavity of a Rhodotron accelerator that calculated in Chapter four, we then study the
effect of number of ports on performance the coaxial cavity. For an example, we consider the
cavity with four inputs and one output, see Fig. 20, and find out that the results from the
simulations are satisfactory. For this example, the return loss of main port is about -23 db,

coupling losses is about -0.09 db, and isolation between ports is approximately -11 db.
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Fig 20. Power combiner with four inputs and one output with dimensions equal to those of a Rhodotron

acceleration cavity.
Now if we remove the output port and activate input ports, e.g. shown in Fig. 21, power return

loss and isolation between ports increase to -6 db for the best case.
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Fig 21. Response of the S parameters obtained from the simulation for a cavity with four input ports.

To improve response of the system and find the optimum state, parametric studies are performed

to determine the effect of varying different parameters on the S parameters, that is:

1-The effect of varying angle of the input coupler

2-The effect of varying impedance of the input ports

3-The effect of varying the size of the coupler loop

4-The effect of coupler position on the acceleration cavity

5-The effect of shape and frequency of acceleration cavity

6-The effect of varying phase of the ports with respect to each other

7-The effect of varying materials and absorbers inside the acceleration cavity
8-The effect of varying shape of the input coupler loop

9-The effect of input ports on the electric field inside the acceleration cavity

10-The effect of increasing number of input ports on S parameters
19



Thus, based on all of variables and the efforts studied, the best configuration for the four input
port is -6 db. We should note that the results become worse with the increasing number of the
ports. This design is simulated using CST Studio, Ansoft HFSS, and ADS. Results from these
three simulations are almost the same. That is, increasing number of the ports has positive effect
on the energy of the electron beam. This effect was studied by the Particle Studio software and

results of simulation are shown in Fig. 22.
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Fig 22. The effect of increasing number of ports on the electron beam energy in an accelerator cavity.

As it can be seen from this figure, the electron beam energy increases by increasing number of
the input ports, e.g. the beam energy for one port is 140 kev, for two port is 260 kev, and for four
port is 420 kev. As it can be seen, increasing number of ports is directly proportional to the
electron beam energy, however, if the entire energy is absorbed, this method is useful otherwise
it is not.To make sure that results of the simulations are reliable, we validate the concept and
design by various experimental tests. First, we need to perform experiments on the accelerator.
However, considering the required time for the test and unavailability of the accelerator due to
daily schedule, we have built several small coaxial cavities made of copper and aluminum, as

shown in Fig. 23, to perform the tests.

Fig 23. Several coaxial cavities built to perform tests.
Important note in this design is that the synchronization of RF amplitude and phase signal.

According to tests conducted and numerical simulations performed, we find that if phase
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difference is not considered for the applied signal at the input ports of the cavity, not only it is
impossible to improve return losses at the port, but also the overall results on the S parameters
deteriorate. Also lack of phase difference has detrimental effects on both the electric field inside
the cavity and the electron beam energy. Therefore, to set phases of the input ports in practice,
we use the delay lines (or trombone), as shown in Fig. 24. To ensure that all phases are

synchronized, we use an oscilloscope and plot Lissajous curves.
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Fig 24. Schematic of the circuit with four input ports (left) and some measuring result (right).

Based on Fig. 24, at zero phase results from the experiments, i.e. S parameters, forward and
return powers are in good agreement with those from the simulations. For example, Table 3

shows comparison of the experimental and the simulations result for the small copper cavity.

Table 3. Comparison of S parameters determined by simulation and experimental tests for the small

copper cavity.
Simulation = Experiment

Parameter (db) (db)

The results from experiments show that if the Sii -6 -5.9
feeding power is not absorbed into the cavity, it S22 -6 -6
S33 -6 -5.9

will return to the source through either the port Sus -6 -6.1
itself or the other ports. Therefore, it is possible Siz -6.1 -6.2

. . . Si3 -6.11 -6.13

to adjust the required feeding power by means of S14 6 -6.15

a control circuit. However, due to safety issues, S -6 -6.17

S34 -6 -6.11

this method is not recommended. We also have

tried to improve the results by considering different conditions and various shapes of an
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acceleration cavity, and finally find out that one of the methods to improve the results is slitting
the acceleration cavity and directly connecting the solid state amplifier modules to the cavity.
Hence, we excite several slit cavities to resonance modes by directly connecting the ports to the

cavity as shown in Fig. 25.
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Fig 25. Several cavities with slit excited
Although, we have excited the cavity to resonance modes, there are some problems including:
voltage induced in the slit, the emission waves, and surface currents. The solution for these
problems is to build a secondary cavity around the slit. Building this cavity is very simple
because this cavity does not need to be very sensitive and does not require a high quality factor,
but it has very important roles. Some of the important roles of the secondary cavity include:
1.Reducing the voltage between the slit and the acceleration cavity
2.Improving the current on surface of the acceleration cavity
3.Increasing the electric field inside the acceleration cavity
4.Isolating the acceleration cavity with respect to the voltage shock and leakage of the
electromagnetic waves
5.Improving the return loss on each port
6.Improving the isolation between ports
7.Improving the resonant frequency and avoiding the shifting

8.Reducing additional harmonics

In a nutshell, it can be noted that using the secondary cavity improves the results. In additions,
several amplifier modules can be connected to the acceleration cavity using this method. The
structure of the secondary cavity is such that it surrounds the amplifier modules. In this case
amplifier modules should be arranged symmetrically and both the phase and the amplitude of the
outputs of these modules should be synchronized. This method is tested for cylindrical and
coaxial cavities with a quarter- and half-wavelength. For example for a coaxial cavity with four
input ports, results of simulations on the return loss and electrical field in the acceleration cavity

are shown in Fig. 26.
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Fig 26. Return loss and electrical field calculated from numerical simulations for a coaxial acceleration

cavity with direct connection of ports and using the secondary cavity.

By increasing amplifier modules, the electric field inside the acceleration cavity is increasing.
We have tested an acceleration cavity with up to 180 modulus around of acceleration cavity. We
should note that the effects of short (or open) circuit in the amplifier modules is also
investigated. We find out that although short (or open) circuit occurs in some of the modules,
especially when the number of modules are too high, it cause little or no change on impedance
and power, it does not cause damage, shut down, or does not effect the overall performance of
the structure. For instance, we have shown in Fig.27 an acceleration cavity with 32 one-Watt

amplifier modules and also distribution of the electric field inside the cavity.
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Fige 27. An acceleration cavity with 32 amplifier modules and the effect of number of modules on

distribution of the electric field inside the acceleration cavity.

According to the investigation carried out for the design of a slit acceleration cavity, we
summarize from the results that a slit cavity can be used to design and build new accelerators.
For instance, Fig. 28 shows a new designed accelerator using this concept and the solid state

amplifier with a structure similar to that of a Rhodotron accelerator.
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Fig 28. The new designed accelerator designed including solid state amplifier and slit cavity concepts.

The new designed accelerator has many advantages including:

1.This design is a transistor-based accelerator and has a modular structure which is easy to
maintain.

2.This accelerator is built considering native technology and available facilities.

3.The structure of this accelerator is such that the acceleration cavity also plays the role of a
power combiner.

Thus, this accelerator does not require the transmission lines, power combiners, or a loop
coupler. Considering that this accelerator is a transistor-based accelerator, therefore it does not
require high voltage and does not deal with risks associated with high voltage. Regardless of its
small volume, it provides high power and is quite economical.

Conclusion

In this dissertation, we have reviewed various accelerators and found out that industrial electron
accelerators have been used extensively in modern industry in which RF systems have an
important role. Among industrial electron accelerators, Rhodotron accelerator as one of the most
powerful accelerators is considered in this dissertation. Here, we have studied principles of
performance of RF accelerators and have analyzed and simulation their different components.
The Rhodotron accelerators work with RF vacuum tubes which have many problems associated
with the tube-based systems. Considering many advantages of solid state amplifiers, we have
proposed methods and studied the methodology to replace RF vacuum tube systems with
transistor systems. Finally, we have designed a new high power industrial accelerator based the
solid state and slit cavity technology. The new design is compatible with the native technology
and is feasible with the available and local facilities. Additionally, it is small in volume, has low

manufacturing costs, and easy to maintenance.
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AHHOTAIIUA

Paguovactorusie (PY) cucTeMsl BBICOKOII MOUIHOOCTH HAIIJIXU UIUPOKOE
IpUMeHeHUe B Pa3JIMYHBIX IPOMBIIIIEHHBIX TEXHOJIOTUYECKUX IIpOIleccax, TaKUX Kak
CyIIKa ¥ CHHTEe3 MaTepHaJoB, IJIa3MeHHBIX 00paboTkax u T.A. B pamy Takux cucreM
ocoboe MeCTO 3aHHMAIOT IPOMBINIIEHHBIe YCKOPHTEeNH, KOTOphle KpalHe
HeoOXOJUMBI KaK B IPOM3BOACTBAX M 00paboTKax, Tak ¥ B MeAUIMHCKHUX 00IaCTAX.

Jnd mUPOKOTO INpPUMeHEeHUs IPOMBINIIEHHBIX YCKOpPUTelIedl HeoOX0AHuMO
o6ecleYnTh MX BBHICOKHME TEeXHUKO-DKOHOMHYECKHE XapaKTePUCTUKH: 6e30IaCHOCTS,
pasyMHas CTOMMOCTB, HeOoyblIne TrabapuThl, HeECJOXHOe OOCIyXXUBaHUE U
SKOHOMHYeCKasa Lieecoo00pa3HOCTh. [JIaBHYIO ponb B Jejle obecledyeHUsa yKa3aHHBIX
Tpe6OBaHMUII NpHUHAAIEXHUT MomHKM PY cucremam, mnapaMeTpsl KOTOPHIX, B
OCHOBHOM, 00YCJIaBIIMBAaIOT BO3MOXHOCTH yckopurensd. CiremoBaTesbHO, aKTyaabHOI
ABiAgeTcd 3ajava ontuMusanuu PY cucreM B mesIoM M ero COCTaBHBIX YacTel, a TaKxKe
IOUCK U MCCIeJoBaHMe IIPUHIUNINAIBHO HOBBIX IIyTell X IOCTPOEHU.

B gmuccepramuonHoil pabore mogpo6HO wucciemosaHa PY  cucrema
npoMslnIeHHOro yckopurensf tuna Rhodotron. MccremoBamsl myTu onTuMmusanuu
371eKTpoHHOHM mnymku, PY pesoHaTropoB, s1eMeHTOB CBA3M M pa3paboOTaHBl HX
KOHCTPYKIUH.

ITpoBemens! rTyOOKHe MCCIeNOBaHUA, HANPAaBJIEeHHbIe HAa IOUCK BO3MOXHOCTH
nocrpoenus PY cucTeMBl IIeIMKOM Ha IOJYIPOBOZHUKOBBIX KOMIIOHEHTAaX, U
IpejjoXeHa IPUHIHUIHMATBHO HOBasg CTPYKTypa, HCKIOYapouas HeoOXOAUMMOCTH
37eKTPOBAKYYMHBIX MOIIHBIX JaMII.

ITony4yeHs! cresylomue HayYHble Pe3yabTaThl:

1. IToxazaHo, 4YTO /AJA JOCTH)XKEHUS BBICOKOH MJOOPOTHOCTH UIYHTHPYIOUIETO
MMIelaHCa HeoOXOZMMO BHIOM3MEHUTh TEeOMETPHUIO HalleAllero IIUPOKoe
IpUMeHeHHe B YCKOPUTeNIIX KOaKCHAJIbHOTO pe3oHaropa, MpHujas emy Gopmy
“6abouku”. HaiifeHsr onTrManbHbIle COOTHOLIEHU TPeoOpa3oBaHuUs.

2. Bmepsele gna yckopureneir Tuma Rhodotron mpeasoxeHO 3aMeHHUTH
IIOJYBOJHOBEIM KOaKCHaJbHBIM pPEe30HATOP Ha IIeJOBOJHOBONH Ppe3oHATop.
IlokazaHO, YTO B pe3yjabTaTe COOTBETCTBYIOI[MX HM3MEHEHWI yBeJIHMYMBAETCA
abdexTuBHOCT, B3auMogeiictBua PY mose - 9leKTPOHHEIH Ny4YoK H
yMEeHBIIAIOTCA IOTepu Ha oTpaxeHue. OIpeseeHO, YTO ONTHMAJIBHYIO CBA3b
C pe3oHATOpOM oOeclledMBaeT 3JeMEHT CBA3M HAa MarHUTHOM KOMIIOHEHTE B

BuUae HpHMOYI‘OJIBHOﬁ IIeTIN.
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Haiimeno, 4to pgna yBenumueHuUs 3(PpdeKTUBHOCTH HeoOXOLMMO, YTOOSI
3JIeKTPOHHAs TIylIKa uMejga OOpaTHYIO CBAA3b C cucreMoil (asoBoi
IIOJCTPOMKH.
[IpennoxeHa m HccaenoBaHA NPUHIUIIKAIBHO HOBasg CTPYKTypa pe3oHATOpa
IpOMBINIIEHHOTO  yckoputens Tuna Rhodotron, xoropas mosBosser
3¢pexKTUBHO CyMMHpPOBATh IOJSA MHOXeCTBAa CHUH(A3ZHBIX MCTOYHHUKOB.
Pezonatop mpexcraBiasger co6oif  MOAMUUUPOBAHHBIA  KOAKCHATbHBIN
pe3oHaTop, pa3pe3aHHBIH B O00JACTH COeZMHEHUS BHENIHErO0 IUJIHHIpa C
TopuoM. Jlnf mpenoTBpalieHMsS pafHAllMOHHBIX IOTEPh OOpa3oBaHHAA INEb
Harpy»eHa Ha KOJbIeBOH muIeid, uepe3 KOTOPHIH IIPOXOAAT DJIEMEHTHI CBA3U
OT KaXXJIO0TO MUCTOYHHUKA.
IIpukiagHOe 3HAYeHMeE NOJYYEeHHBIX Pe3yJIbTATOB Cleyolee:
[IpumeHeHMe  ImpenJOXeHHBIX MeTojoB onrumusanuu PY  cucremsr
IPOMBINIEHHBIX yckopureneit tunsl Rhodotron m Takux ero cocTraBHBIX
yacTeil Kak dJIEKTPOHHAsA IyNIKAa, pe30HATOPHAsA CTPYKTypa U dJIE€MEHTHI CBA3H,
IIO3BOJIAIOT 3HAUYHUTEJIbHO IMOBBICUTD 3(PHeKTUBHOCTh YCKOPUTENEeH U YIydUIUTh
VX XapaKTEePUCTUKH.
PazpaboranHas HOBag JJeKTPOJMHAMHYeCKas CTPYKTypa oOecledymuBaer
BBICOKYIO Pa3BiA3Ky MeX/JAY HCTOYHHMKAMM, HCKII0Y9aeT HeoOXOZUMOCTh B
BHEIIHUX CYMMAaTOpax BBICOKOI MOIIHOCTM M, KaK CJeJCTBHE, II03BOJIAET
moctpoeHue yckopureneit Tuma Rhodotron menwkoM Ha TpPaH3UCTOPHBIX
YCHUIUTENAX, TeM CaMBIM HCKJII04Yas HeOOXOJMMOCTh B MOIIHBIX BaKyyMHBIX
JlaMIIax.
IIpennmoxxeHHBIH MeTOJ MOKPHITHA IMeJM B KOAKCHAJIbHOM pe30HaTOpe
BTOPUYHBIM KOJIBII€BBIM PE30HATOPOM IPUBOAUT K PAAY IIPAKTHUYECKU BaXKHBIX
pe3yIbTaTOB:

e YMeHbIIaeTCA IafleHUe HANpsXXeHUA B IeJH, TeM CaMbIM MCKJIIOYaeTCA
OIIaCHOCTH IPOGo4.

e YBeIUYUBAETCSA HANPSKEHHOCTh DJIEKTPUYECKOTO IO B OCHOBHOM
pe3oHaToOpe, yaydllasg B3aUMOJEeHCTBHE C DTeKTPOHHBIM IIYYKOM.

e [TomaBisroTCs mMapasuTHBIE BRICIIVE MOJBL PE30HATOPA.

e YiyumaroTcsa pasBA3Ka M IOTepH Ha OTpakeHue OT KaXIOro U3

NCTOYHHKOB.
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