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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.   
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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 
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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 procedure to achieve the main go :                                               

1 – To increase  synchronism  and concentration  of  the electric field and  the electron beam in a 
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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 
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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, No10, 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 Chapter1, 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. 
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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. 

 

 

 

 

 

 

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. 

 

 

 

     

 

 

 

 

 
Fig 4. Effects of changing dimensions of  cavity on frequency and quality factor. 

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 π/2, that is one of 

the common modes in linear 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. 

 

 

 

 

 

 

 

(a)                                                                                        (b) 

                     ( c )                                                                          (d) 

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.  



 

This can

of a Rh

and fina

designe

amplifie

increase

particul

problem

part of 

simulat

compar

agreem

Fig10. (

impedan

 

Moreov

the acc

Input 
tube c

Loop 
coupler 

T

Acc
cav

n be achiev

hodotron acc

al amplifier

ed and teste

er uses a T

es the ultim

larly locatio

m using the 

f the accele

ions impeda

red those w

ent with  th

(a)    

a)Section cu

nce matching

ver, RF coup

celeration c

part of final rf 
cavity 

Th781 

celeration  
vity 

ved with mu

celerator su

r are discus

ed.  Howev

TH 341 tub

mate power

on of the T

CST softwa

eration cav

ance match

with the expe

hose obtaine

                   

ut-view of the

g and return l

pling with t

avity, three

Out put
final rf 

ulti-levels of

uch as low l

sed.  Pre-am

ver, the driv

be which a

r to 200 k

TH 781 tu

are.  A sect

vity is show

ing and retu

eriments in

ed from the 

 

 

 

 

 

  

 

 

 

 

 

                    

e acceleration

loss for the in

the accelera

e types of 

t part of 
f  tube cavity  

13 

f amplifiers

evel RF (LL

mplifier is a

ver and fin

amplifies R

kW. Becaus

ube in the 

tion-cut view

wn in Fig.

urn loss for 

n Fig.10b,c

experiment

 

                  

                   

n cavity show

nput and ( c)

ation cavity 

input coup

s.  In Chapte

LRF), pre-d

a 100 W so

nal amplifie

RF power to

se of the im

acceleration

w of the cav

 10a.  We

the input a

.  The resu

ts.  

                  

                    

wing locatio

)output ports

 is accurate

plers with v

er 4, compo

driver ampli

olid state am

rs have RF

o 10 kW a

mportance 

n cavity, w

vity and tub

e also have

and output p

ults from sim

       (b) 

                  (

n of the tube

s of a rf tube 

ely studied. 

various sha

onents of an

ifiers, drive

mplifier whi

F vacuum.  

and the fina

of the fina

we have an

be located o

e compared

ports of tube

mulation ar

(c)   

e. (b)Compar

cavity . 

 To do so, 

apes are pro

n RF system

er amplifier,

ich we have

The driver

al amplifier

al amplifier

nalyzed this

on the upper

d from the

e cavity and

e in a good

rison of 

for exciting

oposed and

m 

, 

e 

r 

r 

r 

s 

r 

e 

d 

d 

g 

d 



 

simulat

cavity. 

Fig 11.(
coupler 
 
Results 

in Fig. 

the acce

 

 

 

 

 

 

 

            
Fig 12. E
on coup

ed,  Figure 

(a)  
a) Three typ
inside the ac

from the nu

12.  Bases 

elerator cav

(

                 (

 

                  
Effects of (a)
ling coefficie

11 shows c

                    
es of coupler

cceleration ca

umerical sim

on these re

vity is determ

(a)               

 

 

 

 

 

 

( c)              

( c)             
) coupler loc
ent, and (d) t

cross sectio

 
 

                    
rs studied.(b
avity  

mulation co

esults optim

mined.  

                   

                  

                  
cation on retu
the length of

14 

on of the co

 
 
 
 
 
 
 

     (b)          
) Cross-secti

onsidering d

mum dimens

                   

                  

                  
urn loss, (b) c
f loop on reso

co
up

lin
g 

co
ef

fic
ie

nt

a

b 

oupler and i

                    
ion view of t

different dim

sions, locati

                   

                

                 
coupler dime
onance frequ

0 10 20 30 40
0

2

4

6

8

10

12

14

16

18

20

22

24
2525

its location 

          (c)     
the coupler a

mensions of

ion, and ang

         (b)      

                

                 (
ensions on re
uency.  

0 50 60 70 80 9
loop 

best
angle

worst
angle

rf window 

inside the a

      
and (b) locati

f the coupler

gle of a cou

                    

(d) 
eturn loss, (c

90 100 110 120 130
angle

L 

d 

Final t

Acceleration cav

 

acceleration

ion of the 

r are shown

upler inside

                   

c) loop angle 

140 150 160 170 180180

tube cavity  

vity  

n 

n 

e 

                     



 

At the e

losses i

based o

Figure 

            

In Cha

objectiv

state am

assess h

vacuum

6VP41K

state am

combin

amplifie

high po

system 

Subsequ

explain

amplifie

consists

measuri

amplifie

the inpu

amplifie

Coaxi

end of Chap

in an accele

on the nume

13 illustrate

                F

apter 5, hig

ve of this ch

mplifier in t

high power

m systems.  W

KH.  Furthe

mplifier an

ner. Then, w

er technolo

ower Rhodo

with a so

uently, des

ed.  Differe

er, based on

s of two BL

ing circuits

er consists o

ut of this am

er modules 

Elec
gun  

Accelerator o

ial acceleration 

F
a

pter four, w

erator with 

erical calcul

es a section-

Fig 13. Sectio

gh power R

hapter is to 

the industri

r transistors

We evaluat

ermore, we 

nd determin

we study S

ogy being u

otron accel

olid state 

sign and m

ent compon

n the calcul

LF 574 push

s, and a cir

of three gro

mplifier wh

using an 1/

tron 

out put  

cavity  

Final rf  
amplifier cavity  

we provide d

dimensions

lations, that

-cut view of

on-cut view o

RF systems

investigate 

ial accelerat

s, and learn

te some of t

look into th

ne importa

SOLEIL sy

used.  Afterw

erator.  Fig

amplifier. 

manufacturi

nents of thi

lated loss p

h-pull transis

rculator.Ac

oups of quat

hich divides 

/4 splitter. 

15 

details of de

s similar to 

t the length

f the new de

of the concep

including a

feasibility

tors.  First,

n about be

the high pow

he various h

ant design 

ynchrotron f

ward, we f

gure 14 sho

 This am

ing a 10 

is amplifier

power twelv

stors biased

ccording to 

ternary amp

the 100 W

Ben

esign of a n

those of a 

h of cavity m

esigned acc

 

       

 

 

       

 

 

 
ptual designe

a solid state

of replacing

we review

enefits of so

wer RF tran

high power 

criteria an

facility in F

focus on de

ows the sch

mplifier incl

kW contin

r are shown

ve modules 

d in the AB 

the block 

plifiers.  Th

W input powe

nding magnets 

Central 
bending 
magnet  

new accelera

Rhodotron 

must be equ

elerator. 

ed accelerato

e amplifier 

g an RF vac

w solid state

olid state a

nsistors such

combiners t

nd finally s

France, in 

esign of a n

hematic ske

ludes 20 ×

nuous-wave

n in Fig. 18

of 1 kW ar

class, a pow

diagram sh

here is  a 1/3

er into three

ator.  To re

accelerator

ual to the w

or. 

is studied. 

cuum tube w

e amplifier t

amplifiers o

h as BLF57

to be used f

simulate a 

which the 

new RF sys

etch of a 2

× 10 kW 

 (CW) am

8.In the des

re used.  Ea

wer supply, 

hown in F

3 micro-stri

e and suppl

duce power

r, we show,

wave length

 The main

with a solid

technology

over an RF

74 and MRF

for the solid

Wilkinson

solid state

stem for the

200 kW RF

amplifiers

mplifier are

sign of this

ach module

control and

ig. 15, this

ip splitter at

lies it to the

r 

, 

.  

n 

d 

, 

F 

F 

d 

n 

e 

e 

F 

.  

e 

s 

e 

d 

s 

t 

e 



 

Fig14. 

In a sim

combin

Studio 

results a

To tran

transmi

able to t

Fig 16

Rf  
input  

Schematic sk

milar mann

ned.  All the

software.  R

are in a reas

Fig15.  the

nsfer power 

ission line a

transfer 200

6. Section-cu

ketch of a 20

ner but in th

e componen

Results from

sonable agre

e block diagr

from a hig

and the prop

0 kW power

 
ut view of the

Rf input 
coupler 

00 kW RF sy

he reverse o

ts of this am

m the simu

eement. 

ram and som

gh power so

per coupler

r from the tr

e designed hi

Quarter 
 line  
coupler  

16 

 
ystem with a

order, the o

mplifier are 

ulations are 

me  componen

olid state am

r.  Here, we

ransistor am

igh power co

L

Adjustable
line 

transistor am

output pow

designed an

compared 

nts of  our 10

mplifier, it i

e have desig

mplifier, see

oupler and its

e stub 

Inlet/ou
of water
cooling

mplifier for a

wer from the

nd simulate

with those 

0 kW solid s

is required 

gned an adj

e Fig. 16. 

 
s position on

utlet 
r 

a Rhodotron 

e amplifier 

ed using AD

from the ex

tate amplifie

to have an 

justable cou

n the accelera

a 
b 

d 

 

accelerator.

modules is

DS and CST

xperiments,

  

er . 

appropriate

upler which

ation cavity 

s 

T 

, 

    

e 

h 

 



 

Shown 

paramet

Optimu

cavity a

Fig17. 

One of 

issue is

and out

system 

maintai

broken,

need hi

which e

need st

system 

with ref

electron

accelera

solve th

also act

cavity. 

to perfo

in Fig.17,

ters of this

um length a

are obtained

The effects o

the importa

 solved by 

tput ports.S

include: (i

ining the sy

, entire syst

gh voltage 

entitles phy

tart-up time

is higher th

ference to t

n accelerato

ator is expe

his issue, we

t as power c

 Figure 18 

orm feasibil

 based on 

s coupler o

and width, s

d from these

of different d

ant issues in

designing a

Some of th

i) system m

ystem.  Ho

tem has to 

power supp

ysical risks;

e and does 

han that of a

the design, 

or such as

ensive, whe

e therefore 

combiners. 

is displayin

ity studies o

the numer

on the retur

step length,

e results. 

dimensional 

im

n design of c

a suitable co

he advantag

modulation 

owever, in a

be shut do

plies, while 

 (iii) the de

not suffer 

a RF vacuum

we are able

s Rhodotro

ere most ex

intend to de

 In other w

ng schemati

of using this

17 

rical simul

rn loss and

, angle, and

parameters o

mpedance ma

 

couplers is t

ooling syste

ges of this

which enha

a vacuum t

wn for mai

a system w

esigned sys

from issue

m tube, (v) 

e to build a 

on. Howeve

xpenses are

esign an acc

words, RF a

c sketch of 

s method in

ations the 

d impedanc

d position o

of the design

atching. 

the cooling 

em includin

RF system

ances easin

tube system

intenance; (

with the vac

stem, unlike

s related to

solid state s

transistor-b

er, building

 due to the

celerator in 

mplifiers ar

f this design

n the acceler

effects of 

e matching

of the coup

ned coupler o

of the syste

ng pipeline a

m comparing

ness for upg

m when a s

(ii) the desi

cuum tube d

e vacuum t

o installatio

systems can

based RF sy

g this syst

e need for p

which the a

re connecte

n.  Our main

rators. 

different d

g at input a

pler in the a

 

on (a) return 

em.  In this 

and paths fo

g to the va

grading, rep

single vacu

igned syste

deals with h

tube system

on; (iv) life

n be built lo

ystem for a

tem for a 

power com

acceleration

ed independ

n goal in thi

dimensional

are studied

acceleration

loss and (b) 

design, this

for the input

acuum tube

pairing and

uum tube is

em does not

high voltage

ms, does not

time of the

cally. Thus,

an industrial

Rhodotron

mbiners.  To

n cavity can

dently to the

is section is

l 

. 

n 

s 

t 

e 

d 

s 

t 

e 

t 

e 

, 

l 

n 

o 

n 

e 

s 



 

  

To prov

power c

several 

studied

simulat

of expe

Based o

particul

most im

and also

feasibil

accelera

effect o

cavity w

simulat

couplin

Accelera
(horn) 

Fig18. Sch

vide exact d

combiners a

examples o

.  A power

ions.  After

riments are

on the resu

lar frequenc

mportant cha

o easiness 

ity studies 

ation cavity

of number o

with four i

ions are sa

ng losses is a

ator out put 

Acceleration cav

hematic sketc

details of th

and select t

of pill box c

r combiner 

rwards, the 

 in a good a

Fig19. Ex

ults of the 

cy, coaxial 

aracteristics

in adjustme

and carrie

y of a Rhodo

of ports on 

inputs and 

atisfactory. 

about -0.09 

Benvity  

ch of design o

his design, w

the suitable

cavity and t

is then de

combiner i

agreement.  

xample of the

simulations

cavity comb

s of these co

ent.  Theref

d out expe

otron accele

performanc

one output

 For this e

db, and iso

nding magnet  

18 

of the multip

we initially

e one for th

the coaxial 

esigned base

is built and 

The design

e power com
 

s and those

biners are p

ombiners in

fore, we ha

eriments.  B

erator that c

ce the coax

t, see Fig. 

example, th

olation betw

 

Solid stat r
amplifiers

Input coup

ple input cou

y evaluate an

e case stud

cavity in TM

ed on analy

tested.  Re

ned combine

mbiners desig

e of the exp

performing 

nclude: sma

ave chosen 

Based on t

calculated i

xial cavity.

20, and fi

he return lo

ween ports is

rf 

lers  

uplers to acce

nd investig

dy to perform

M and TEM

ytical calcu

sults of the

er is shown 

gned and buil

periments, 

better than 

aller volume

the coaxial

the dimensi

n Chapter f

For an exa

nd out that

ss of main

s approxima

eleration cav

ate several 

rm experime

M resonance

ulations and

e simulation

in Fig.19. 

lt. 

we find ou

pill box ca

e, higher qu

 cavity and

ions calcula

four, we the

ample, we c

t the result

port is abo

ately -11 db

Ele

 

ity. 

cavity type

ents.  Here,

e modes are

d numerical

ns and those

ut that in a

avities.  The

uality factor,

d performed

ated for an

en study the

consider the

ts from the

out -23 db,

. 

ectron gun 

e 

, 

e 

l 

e 

a 

e 

, 

d 

n 

e 

e 

e 

, 



 

Fig 20.

Now if 

loss and

 

 

 

 

 

Fig 2

To impr

to deter

1-The e

2-The e

3-The e

4-The e

5-The e

6-The e

7-The e

8-The e

9-The e

10-The 

. Power com

f we remove

d isolation b

 

  

1. Response 

rove respon

rmine the ef

effect of var

effect of var

effect of var

effect of cou

effect of sha

effect of var

effect of var

effect of var

effect of inp

effect of in

mbiner with fo

e the output

between por

 

of the S para

nse of the sy

ffect of vary

rying angle 

rying imped

rying the siz

upler positio

ape and freq

rying phase 

rying materi

rying shape 

put ports on 

ncreasing nu

our inputs an

ac

t port and a

rts increase 

 

ameters obta

ystem and f

ying differen

of the input

dance of the

ze of the cou

on on the ac

quency of ac

of the ports

ials and abs

of the inpu

the electric

umber of  in
19 

nd one outpu

cceleration c

activate inpu

to -6 db for

ained from th

find the opti

nt paramete

t coupler 

e input ports

upler loop 

cceleration c

cceleration 

s with respe

sorbers insid

ut coupler lo

c field inside

nput ports on

ut with dimen

cavity. 

ut ports, e.g

r the best ca

he simulation

imum state,

ers on the S 

s 

cavity 

cavity 

ect to each o

de the accel

oop 

e the accele

n S paramet

nsions equal 

g. shown in

ase. 

n for a cavity

, parametric

parameters

other 

leration cav

eration cavit

ters 

to those of a

n Fig. 21, po

y with four in

c studies are

s, that is: 

ity  

ty  

 
a Rhodotron  

ower return

nput ports. 

e performed

n 

d 



 

Thus, b

port is 

ports. T

three sim

on the e

results o

Fig 22

As it ca

the inpu

port is 

electron

it is no

design b

Howeve

daily sc

shown i

Importa

Accord

based on all

-6 db.  We 

This design 

mulations a

energy of th

of simulatio

2. The effect

an be seen f

ut ports, e.g

420 kev.  A

n beam ener

t.To make 

by various 

er, consider

chedule, we

in Fig. 23, t

ant note in 

ing to test

l of variable

should not

is simulate

are almost th

he electron 

on are show

t of increasin

from this fi

g. the beam 

As it can b

rgy, howev

sure that re

experiment

ring the req

e have built

to perform t

Fig 23

this design

ts conducte

es and the e

te that the r

ed using CS

he same.  T

beam.  Thi

wn in Fig. 22

ng number of

igure, the e

energy for o

be seen, inc

er, if the en

esults of th

tal tests.  Fi

quired time 

t several sm

the tests. 

3. Several co

n is that th

ed and num

20 

efforts stud

results beco

ST Studio, A

That is, incre

s effect wa

2. 

f ports on the

lectron bea

one port is 

creasing num

ntire energy

e simulatio

irst, we nee

for the test

mall coaxial

axial cavities

he synchron

merical sim

ied, the bes

me worse w

Ansoft HFS

easing numb

s studied by

e electron bea

m energy in

140 kev, for

mber of po

y is absorbed

ons are relia

d to perform

t and unava

l cavities m

s built to per

nization of 

mulations pe

st configura

with the inc

SS, and AD

ber of the p

y the Partic

am energy in

ncreases by

r two port i

orts is direc

d, this meth

able, we va

m experime

ailability of 

made of cop

rform tests. 

RF amplitu

erformed, w

ation for the

creasing num

DS.  Results

ports has po

le Studio so

n an accelera

y increasing

s 260 kev, a

tly proporti

hod is usefu

alidate the c

ents on the 

f the acceler

pper and alu

tude and ph

we find th

e four input

mber of the

 from these

sitive effect

oftware and

 
ator cavity. 

g number of

and for four

ional to the

ul otherwise

concept and

accelerator

rator due to

uminum, as

hase signal

at if phase

t 

e 

e 

t 

d 

f 

r 

e 

e 

d 

. 

o 

s 

.  

e 



21 
 

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. 

 

 

 

 

 

 

 

 

 

 
      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. 
  

The results from experiments show that if the 

feeding power is not absorbed into the cavity, it 

will return to the source through either the port 

itself or the other ports.  Therefore, it is possible 

to adjust the required feeding power by means of 

a control circuit.  However, due to safety issues, 

this method is not recommended. We also have 

tried to improve the results by considering different conditions and various shapes of an 

Parameter Simulation 
(db) 

Experiment 
(db) 

S11 -6 -5.9 
S22 -6 -6 
S33 -6 -5.9 
S44 -6 -6.1 
S12 -6.1 -6.2 
S13 -6.11 -6.13 
S14 -6 -6.15 
S23 -6 -6.17 
S34 -6 -6.1 1 
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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. 

 

 

 

 

 
                                          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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ԱՄՓՈՓԱԳԻՐ 
 

 Մեծ հզորություն ունեցող ռադիոհաճախականային (ՌՀ) համակարգերը լայն 
կիրառում են ստացել տարբեր արդյունաբերա-արտադրական տեխնոլոգիաներում, 
ինչպիսիք են նյութերի չորացումը, սինթեզումը, սթերիլիզացումը, պլազմային 
մշակումը և այլն: Այս կիրառումների շարքում առանձնահատուկ տեղ են կազմում 
արդյունաբերական արագացուցիչները, որոնք խիստ անհրաժեշտ են թե' 
արտադրություններում,  թե' բժշկության ոլորտում: 
 Արդյունաբերական արագացուցիչների լայն կիրառման համար պետք է 
ապահովվեն նրանց  բարձր տեխնիկա-տնտեսական բնութագրերը՝ 
անվտանգությունը, խելամիտ և մատչելի գինը, փոքր չափսերը, սպասարկման 
պարզությունը և տնտեսական նպատակահարմարությունը: Նշված պահանջների 
ապահովման գործընթացում գլխավոր դերը պատկանում է հզոր ՌՀ համակարգին, 
որի բնութագրերը գլխավորապես որոշում են արագացուցչի հնարավորությունները: 
Ուստի խիստ արդիական է դառնում արդյունաբերական արագացուցիչների ՌՀ 
համակարգերի, ինչպես նաև նրանց բաղադրամասերի, օպտիմալացումը և 
կառուցման նոր ուղիների որոնումն ու հետազոտումը: 
 Ատենախոսությունում մանրամասն ուսումնասիրվել են Rhodotron տիպի 
արդյունաբերական արագացուցիչների ՌՀ համակարգերը: Հետազոտվել են 
էլեկտրոնային թնդանոթի, ՌՀ ռեզոնատորի և գրգռիչների օպտիմալացման ուղիները, 
մշակվել են նրանց կառուցվածքները: 
 Կատարվել են խորը հետազոտություններ, ուղղված ՌՀ համակարգերը  
ամբողջությամբ կիսահաղորդչային բաղադրամասերով իրականացնելու 
հնարավորությանը և առաջարկվել է սկզբունքորեն նոր՝ էլեկտրավակուումային 
լամպերից զերծ համակարգ: Ստացվել են հետևյալ նոր գիտական արդյունքները 

1. Ցույց է տրվել, որ բարձր բարորակությանը և բեռնված իմպեդանսի հասնելու 
համար, անհրաժեշտ է արագացուցիչներում կատարել՝ լայն կիրառություն 
գտած կոաքսիալ ռեզոնատորների ձևափոխություն, տալով նրանց 
«թիթեռնիկի» տեսք: Գտնված  են օպտիմալ ձևափոխության 
հարաբերությունները: 

2. Առաջին անգամ առաջարկվել է Rhodotron արագացուցիչներում կիսալիք 
երկարությամբ կոաքսիալ ռեզոնատորը փոխարինել լիալիքային 
ռեզոնատորով: Ցույց է տրվել, որ համապատասխան ձևափոխությունների 
արդյունքում ապահովվում է հետադարձ կորուստների ավելի ցածր 
մակարդակ: Նաև, ցույց է տրվել, որ աղբյուրի և ռեզոնատորի միջև լավագույն 
կապը ապահովվում է դաշտի մագնիսական բաղադրիչի միջոցով, և, որ կապի 
էլեմենտի օպտիմալ տեսքը՝ ուղղանկյունն է:   
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3. Հաստատվել է, որ էֆեկտիվությունը բարձրացնելու համար անհրաժեշտ է, 
որպեսզի էլեկտրոնային թնդանոթը  լինի հետադարձ կապով միացված ՌՀ 
փուլակառավարման շղթային: 

4. Առաջարկվել և հետազոտվել է Rhodotron արդյունաբերական արագացուցչի 
ռեզոնատորի սկզբունքորեն  նոր կառուցվածք, որը թույլ է տալիս 
էֆեկտիվորեն գումարել բազում համափուլ աղբյուրների դաշտերը: 
Ռեզոնատորը իրենից ներկայացնում է մոդիֆիկացված կոաքսիալ  
կառուցվածք, որում արտաքին գլանի և ռեզոնատորի կողաճակատի միացման 
մասում կազմավորված է օղակաձև ճեղք: Ռադիացիոն կորուստների 
կանխարգելման նպատակով ճեղքը բեռնված է կարճ միացում իրականացնող 
օղակաձև շլեյֆով, որի միջով անցնում են յուրաքանչյուր աղբյուրից եկող կապի 
տարրերը:  

Ստացված արդյունքների կիրառական նշանակությունը` 
1. Արդյունաբերական Rhodotron տիպի արագացուցիչների ՌՀ համակարգի 

բաղադրամասերի՝ էլեկտրոնային թնդանոթի, ռեզոնատորային կառուցվածքի 
և նրա սնուցման օպտիմալացման համար առաջարկված եղանակների 
կիրառումը թույլ է տալիս էականապես բարձրացնել արագացուցիչների 
էֆեկտիվությունը և բարելավել տեխնիկական բնութագրերը: 

2. Մշակված էլեկտրադինամիկական նոր կառուցվածքը ապահովում է 
աղբյուրների բարձրակարգ կապազերծումը, բացառում է բարձր հզորության 
արտաքին գումարիչների անհրաժեշտությունը և, որպես արդյունք, թույլ է 
տալիս Rhodotron տիպի արագացուցչի  իրականացումը լիովին 
պինդմարմնային ուժեղարարների վրա բացառելով ՌՀ հզոր 
էլեկտրավակուումային աղբյուրների անհրաժեշտությունը:   

3. Առաջարկված՝ երկրորդ լրացուցիչ օղակաձև ռեզոնատորով կոաքսիալ 
ռեզոնատորի ճեղքի շրջապատման եղանակը հանգեցնում է մի շարք կարևոր 
կիրառական նշանակության արդյունքների. 
• Նվազեցվում է լարման անկումը ճեղքի մեջ բացառելով էլեկտրական 

ծակման վտանգը 
• Բարձրացնում է ռեզոնատորի էլեկտրական դաշտի լարվածությունը, 

լավացնելով էլեկտրոն-դաշտ փոխազդեցությունը 
• Ռեզոնատորում ճնշվում են խանգարող բարձր մոդերը 
• Բարելավվում են անդրադարձման կորուստները և կապազերծումը 

յուրաքանչյուր մուտքից:  
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АННОТАЦИЯ 
 

Радиочастотные (РЧ) системы высокой мощноости нашли широкое 
применение в различных промышленных технологических процессах, таких как 
сушка и синтез материалов, плазменных обработках и т.д. В ряду таких систем 
особое место занимают промышленные ускорители, которые крайне 
необходимы как в производствах и обработках, так и в медицинских областях.  

Для широкого применения промышленных ускорителей необходимо 
обеспечить их высокие технико-экономические характеристики: безопасность, 
разумная стоимость, небольшие габариты, несложное обслуживание и 
экономическая целесообразность. Главную роль в деле обеспечения указанных 
требований принадлежит мощным РЧ системам, параметры которых, в 
основном, обуславливают возможности ускорителя. Следовательно, актуальной 
является задача оптимизации РЧ систем в целом и его составных частей, а также 
поиск и исследование принципиально новых путей их построения. 

В диссертационной работе подробно исследована РЧ система 
промышленного ускорителя типа Rhodotron. Исследованы пути оптимизации 
электронной пушки, РЧ резонаторов, элементов связи и разработаны их 
конструкции. 

Проведены глубокие исследования, направленные на поиск возможности 
построения РЧ системы целиком на полупроводниковых компонентах, и 
предложена принципиально новая структура, исключающая необходимость 
электровакуумных мощных ламп. 
 Получены следующие научные результаты: 

1. Показано, что для достижения высокой добротности шунтирующего 
импеданса необходимо видоизменить геометрию нашедшего широкое 
применение в ускорителях коаксиального резонатора, придав ему форму 
“бабочки”. Найдены оптимальные соотношения преобразования. 

2. Впервые для ускорителей типа Rhodotron предложено заменить 
полуволновый коаксиальный резонатор на целоволновой резонатор. 
Показано, что в результате соответствующих изменений увеличивается 
эффективность взаимодействия РЧ поле – электронный пучок и 
уменьшаются потери  на отражение. Определено, что оптимальную связь 
с резонатором обеспечивает элемент связи на магнитной компоненте в 
виде прямоугольной петли. 
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3. Найдено, что для увеличения эффективности необходимо, чтобы 
электронная пушка имела обратную свяязь с системой фазовой 
подстройки. 

4. Предложена и исследована принципиально новая структура резонатора 
промышленного ускорителя типа Rhodotron, которая позволяет 
эффективно суммировать поля множества синфазных источников. 
Резонатор представляет собой модифицированный коаксиальный 
резонатор, разрезанный в области соединения внешнего цилиндра с 
торцом. Для предотвращения радиационных потерь образованная щель 
нагружена на кольцевой шлейф, через который проходят элементы связи 
от каждого источника. 
Прикладное значение полученных результатов следующее: 

1. Применение предложенных методов оптимизации РЧ системы 
промышленных ускорителей типы Rhodotron и таких его составных 
частей как электронная пушка, резонаторная структура и элементы связи, 
позволяют значительно повысить эффективность ускорителей и улучшить 
их характеристики. 

2. Разработанная новая электродинамическая структура обеспечивает 
высокую развязку между источниками, исключает необходимость в 
внешних сумматорах высокой мощности и, как следствие, позволяет 
построение ускорителей типа Rhodotron целиком на транзисторных 
усилителях, тем самым исключая необходимость в мощных вакуумных 
лампах. 

3. Предложенный метод покрытия щели в коаксиальном резонаторе 
вторичным кольцевым резонатором приводит к ряду практически важных 
результатов: 

• Уменьшается падение напряжения в щели, тем самым исключается 
опасность пробоя. 

• Увеличивается напряженность электрического поля в основном 
резонаторе, улучшая взаимодействие с электронным пучком. 

• Подавляются паразитные высшие моды резонатора. 
• Улучшаются развязка и потери на отражение от каждого из 

источников. 
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