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 Laser-radiation driven ion acceleration 
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Abstract— In this presentation we  address the radiation pressure 
acceleration (RPA) mechanism of ion acceleration and the 
dependence of ion energy and momentum on  the laser pulse 
temporal profile. The plasma foil is pushed by ultra-intense laser 
pulse in conditions where the radiation cannot propagate 
through the foil, while the electron and ion layers move together. 
The nonlinear character of laser-matter interaction is exhibited 
in the relativistic frequency shift, change in the wave amplitude 
as the EM wave gets reflected by the relativistically moving thin 
dense plasma layer due to double Doppler effect.  Relativistic 
effects in a high energy plasma provide a matching condition that 
makes it possible to exchange very effectively ordered kinetic 
energy and momentum between the e.m. fields and the plasma.  
When matter moves at relativistic velocities the efficiency of 
energy transfer from the radiation to thin plasma foil is more 
than  30 %   and in ultra-relativistic case it approaches one.  The 
momentum/energy transfer to the ions is found to depend upon 
the temporal profile of the laser pulse. Our numerical results 
show that for the same laser and plasma parameters a Lorentzian 
pulse is able to accelerate ions up-to 0. 2 GeV within 10 fs which 
is 1.5 times than that of the Gaussian pulse.  
 

Keywords— High-intensity laser-matter interaction; Ion 
acceleration; Radiation-pressure-dominant (RPD) mechanism; 
Plasma-mirrors  

I.  INTRODUCTION  

      Laser drive of relativistic ions is an attractive goal of the 
intense laser-matter interaction physics [1].  Direct laser 
acceleration of protons to relativistic energies requires 
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A relativistically strong laser pulse irradiates a thin foil with 

thickness l  and electron density en . Electrons are quickly 

accelerated up to cve ~  by the transverse electric field, LE  

of the laser pulse, and they are pushed in the forward 

(longitudinal) direction by the force  LLe EeBv
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Assume that all the electrons are displaced in the longitudinal 
direction, then the charge separation field,   

LeII ElneE  2 , between the electron and ion layers 

does not depend on the separation distance[2]. In this 
longitudinal field the ion energy 
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must be much greater than ritc . The accelerated foil, 

which consists of the electron and ion layers, can be 
considered as a relativistic plasma mirror co-propagating with 
the laser pulse.  The laser pulse is perfectly reflected from the 
mirror. In the lab-frame, before the reflection it has energy  

LELL
2 , and after the reflection its energy becomes 

much lower:  
2

2
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LL  ,  where L is the incident 

laser pulse length, L
~

is the reflected laser pulse length, which 

is longer by a factor of 24   and the transverse electric field 

LE
~

 is smaller by a factor of 24  . Hence, the plasma mirror 

acquires the energy L 









24

1
1 from the laser pulse. At 

this stage the plasma (the electrons and hence, ions) is 
accelerated by the radiation pressure[1, 3, 4].  The radiation 
momentum is transferred to ions through the charge separation 
field, and the " longitudinal" kinetic energy of ions is much 
greater than that of the electrons.  
In this presentation we present an study of the RPD driven ion 
acceleration and its dependence on the laser pulse profile, 
relativistic frequency shift, as the EM wave gets reflected by 
the relativistically moving thin dense plasma layer due to 
double Doppler effect.  When matter moves at relativistic 
velocities the efficiency of energy transfer from the radiation 
to thin plasma foil is more than  30 %   and in ultra-relativistic 
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case it approaches one.  The momentum/energy transfer to the 
ions is found to depend upon the temporal profile of the laser 
pulse. Our numerical results show that for the same laser and 
plasma parameters a Lorentzian pulse is able to accelerate ions 
up-to 0. 2 GeV within 10 fs which is 1.5 times than that of the 
Gaussian pulse.  
 The potential applications of laser driven ion sources are 
hadron therapy of oncological diseases, radiography, nuclear 
physics studies, studies of radiation damage and single event 
effect in electronics.  
 

II.   EQUATION OF MOTION OF THIN PLASMA 
MIRROR 

The thin plasma foil motion when incident radiation is falling 
normally on it is governed by the equation [1] 

     
 

1/ 22 2 22
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where p  is the momentum of ions representing the foil. In 

the simplest case, when LE  = const and the reflection 

coefficient   =1, the solution  tp  is an algebraic function 

of t . Integrating (1), one gets 
3/23 2 22 2
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where k  is the constant of integration. For the initial 

condition 0pp  at 0t , one obtains 
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The ion kinetic energy is given by                                              

                     22/1222 cmpcmc iiki  .           (4)
                                                                            

 

Substitution of p from equation (3), one gets the following 

expression for ion kinetic energy: [1] 

  ki =    2 sinh cos / 4 1im c u ech u      .              (5)                                                                        

In the limit t   it asymptotically tends to     

ki   1/32 23 / 8i L e im c E t n lm c .                                    (6)                                                                        

 

III.   RESULTS AND DISCUSSION 

For obtaining numerical results for ion energy and momentum  

we consider following laser intensity temporal profiles,[5] 

 tEL
2

 =    22 /exp tEL                   (Gaussian profile)

 tEL
2

 = 
  









 2
2

/1

1

t
EL                     (Lorentzian profile). 

Figure 1  shows the variation  of  the  normalized  ion kinetic  

energy 
2cmi

ki
as a function  of  the  absolute time t , when the 

incident laser pulses are Gaussian and Lorentzian.  The laser 
intensity is  =1.37 1023W/cm2. With increase in the initial 

value of the momentum 0p , the energy gained by the ions 

from the incident laser pulse also increases.  However as 
t , the final energy value takes a steady value which 

increases with increase in the initial value 0p .  

Figure 2 shows the variation of brightness of the reflected 
radiation versus energy of the reflected photon in the case 

when   6/132 sen   for different values of source pulse 

energy s . From this figure we see that in the coherent 

interaction for the parameters
 

ms  8.0 , en  
= 480

crn
 

= 5.4 1023 cm-3  2/1 m , maximum brightness 

corresponding to 10 keV photon energy is approximately   
4.82  1042 photons / (mm2 - mrad2  - sec. -  0.1% bandwidth) 

for s = 6 J, 6.43  1042 photons / (mm2 - mrad2  - sec. -  0.1% 

bandwidth) for s = 8 J, 8.03  1042 photons / (mm2 - mrad2  - 

sec. -  0.1% bandwidth) for s = 10 J, and 9.64  1042 photons 

/ (mm2 - mrad2  - sec. -  0.1% bandwidth) for s = 12 J. This 

energy of the reflected photon is corresponding to the energy 
of hard X-ray source [6]. 
Figure 3 shows the variation of the frequency of the reflected 

wave ( 0/r )   when the counter-propagating laser pulse 

from the source meets the plasma mirror at an angle   for a 
given mirror velocity   = 0.99. 
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Fig. 1. The variation of the  normalized ion kinetic  energy
2cmi

ki
as a 

function of the absolute time   t , when the incident laser pulses are 
Gaussian and Lorentzian. Solid lines are  corresponding  to 
Gaussian curve and dotted lines are corresponding to Lorentzian curve. The 

curves are  shown for  initial value of  ion  momentum
 
 0p  = 0.0, 0.1  (in the 

unit cmi ). 

 

 
Fig. 2.  shows the variation of brightness of the reflected radiation versus 

energy of the reflected photon in the case   6/132 sen    when  mirror is 

moving uniformly for different values of source pulse energy s =6J, 8J, 10J, 

12J. 
 

 
Fig. 3  shows the variation of normalized frequency of the reflected radiation 
versus incidence angle of the mirror.   

 

IV.    CONCLUSION 

The radiation pressure acceleration regime of laser ion 
acceleration requires high intensity laser pulses to function 
efficiently[7]. Moreover the foil should be opaque for the 
incident radiation during the interaction to ensure maximum 
momentum transfer from the pulse to the foil, which required 
proper matching of the target to the laser pulse. A dense ion-
electron layer moving at a relativistic speed almost fully 
reflects the incident electromagnetic pulse. Interaction with 
such a relativistic mirror reduces the energy of the reflected 

electromagnetic wave by a factor of 
24/1  .  Results show 

that the momentum acquired by the ions as a result of laser 
interacting with a thin plasma foil is more in the case when 
incident laser pulse profile is Lorentzian.  Highest value of the 
momentum gained by the ions by the Lorentzian pulse is   ~ 
1.25 times than the Gaussian pulse for the same intensity.  The 
numerical results also show that the energy gained by the ions 
when accelerated by the Lorentzian pulse is approximately 1.5 
times than that of Gaussian pulse. We find that incident laser 
pulse of the Lorentzian form is reasonable for a compact laser 
ion accelerator.  
Numerical results for brightness show that when the plasma 
mirror velocities are greater than some threshold then the 
distance between electrons in the slab becomes longer than the 
incident wavelength so the reflection from plasma slab is not 
coherent. In effect, one can develop a compact source of high-
brightness X-rays and short gamma rays. These sources will 
possibly open-up a wealth of applications in biology and 
medicine, laboratory astrophysics, and material science.   
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Abstract— Kinetics of relativistic electron beam interacting with 
neutral argon gas is developed for PASOTRON studies. The results 
provide a general quantitative picture of the physical processes in a 
temporal evolution of electron beam generated argon plasma and 
electron energy distribution. Dielectric tensor for annular plasma in 
presence of self magnetic field generated by electron beam, linear 
dispersion relation of an electron beam – ion channel - plasma filled 
cylindrical waveguide is obtained and numerical analysis is carried 
out. It is shown that beam generated plasma confines the beam by 
forming an ion-channel. The resulting system supports PCWM that 
can interact with beam and structure modes. The resulting 
instabilities are non-relativistic in nature and strongly dependent on 
the gas pressure. Wave propagation in periodic plasma waveguide is 
obtained. the periodicity in density provides slow waves. Electron 
beam can interact with these waves creating addition channel of 
energy exchange. 

Keywords—High power microwave, Ion channel, Pasotron,  
Relativistic electron beam.  

I.  INTRODUCTION  

A plasma assisted high power microwave source, a 
PASOTRONs uses a plasma cathode electron gun to generate 
high power electron beam and utilizes an ion focusing 
mechanism for beam transport and therefore operates in the 
absence of guiding magnetic field.[1-3] The beam coming out of 
the plasma gun generates an ion channel by ionizing a low 
pressure argon gas. This ion channel provides compensation 
for the space charge forces which provide the beam focusing 
and transport. [2] This device can be configured as both a 
backward wave oscillators (BWO), travelling wave tube 
(TWT) amplifier. [4] It has been observed that in Plasma filled 
BWOs, the background plasma, in addition to beam 
confinement, increases the efficiency of device many folds.[5] 
The background plasma density is modulated by the two 
counter propagating EM waves producing a nonlinear spatial 
grating of plasma electron density. This grating is observed by 
the EM waves as a static periodic modulation of the refractive 
index that can produce feedback thereby creating strong 
coupling. This enhances the interaction and increases the 
efficiency. [6,7] 
In the present work, we formulate the kinetics of electron 
beam generated plasma. Specifically, rate equations for argon 
gas-plasma are solved numerically. Secondary electron 

number density, temperature, spatial profile, temporal 
evolution etc. are studied. Ion-channel formation is given. The 
field theory of ion-channel guided beam in a plasma coated 
waveguide is developed. A dielectric tensor for annular 
plasma in presence of self magnetic field generated by 
electron beam is obtained. Using it a linear dispersion relation 
of an electron beam – ion channel - plasma filled cylindrical 
waveguide is obtained. It is observed that in the high pressure 
region, plasma itself acts as a slow wave structure and the 
effect of waveguide wall is not important. Instabilities for such 
region are obtained. We also obtain the dispersion relation of 
the periodic plasma loaded cylindrical waveguide. Electrons 
are injected in the waveguide and their trajectories are 
followed. Exchange of energy between structure modes and 
the electrons is studied. The effects of density ripple, velocity 
detuning etc on excitation of RF waves are studied. 

II. K INETICS OF ELECTRON BEAM GENERATED PLASMA 

In this model, we consider impact ionization of argon gas with 
an electron beam of energy E. The resulting ionization creates 
quasi neutral argon plasma composed of argon Ar atoms, 
argon singly ionized ions Ar+ and electron having energy 
from 0 to E. Higher ionization states of Ar ignored. We have 
considered the ground state, five excited states, ground state of 
Ar ion and Ng energy bins for secondary electrons. The atomic 
processes included in this model are spontaneous radiative 
decay from excited states to ground state, electron impact 
excitation, electron impact ionization, radiative recombination 
rates, and three body recombination rates. 
The temporal behavior of the electron beam generated argon 
plasma is obtained by setting rate equations for the population 
of each states i.e. Ar, Ar*,Ar+ and Secondary electrons. These 
equations involve the process of excitation, spontaneous 
emission, ionization, radiative recombination and three 
body recombination processes of populating and 
depopulating the levels. The change in the population 
density N(n) of the n discrete state can be expressed in the 
general form:[24] 

	��(�)

��
= 	 − �,   (1) 

where G is the gain term and L is the loss term. We have 
solved the rate equations that include the ground state and 
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excited states of argon atom,  the ground level of singly 
ionized argon and secondary electrons of Ng energy bins. 

III.  DIELECTRIC TENSOR FOR ANNULAR PLASMA IN PRSENCE OF 

AZIMUTHAL MAGNETIC FIELD  

We consider a cylindrical metallic waveguide filled with 
plasma of density np as shown in Fig.1. A relativistic 
electron beam of radius rb is propagating through it that 
expels the electrons to form an ion-channel of radius r i. 
Beam region is denoted by region I, the ion-channel is 
depicted by region II, and the plasma is depicted by 
region III.  

 
Fig. 1:  Schematic of the electron beam – ion channel– plasma system. 

The self fields of electron beam, i.e., the repulsive Coulomb 
forces and magnetic compressive force are proportional to 

( )∫ −− rdrnf ee
21 β , where 

e i ef n n=  is the fractional 

ionization, and ev cβ = , ve is velocity of electrons and c is 

the speed of light in vacuum. For 21ef β= − , beam 

propagation without divergence occurs. The radial electric 
field due to electron beam and ion-channel is 

( )2 2

0
02

i i b bion electron
r r

e n r n r
E E E

rε
−

= + =
 

, where nb and ni=np are 

electron beam and ion-channel densities, respectively. At r i, 

the radial force is zero resulting in 2 2
i i b bn r n r=

.  
Dielectric tensor for the beam region, i.e, the region I, has 
been derived earlier for cylindrical geometry by various 
authors [8,9]. Region II is vacuum. In the following, we obtain 
the dielectric tensor for the region III.  
Equilibrium quantities in the region III are as follow: electron 
fluid velocity �� = 0, the magnetic field generated by electron 

beam 
0 (0, ,0)B Bθ=
r

, where 
2

0

2
b b bn ev r

B
rθ

µ−
=

.
, electric field 

��� = 0, plasma density 
0 0 0,           in n r r R≡ < < . Spatial and 

temporal harmonic perturbation in the form of 

( )~ exp zi t k zω− −    are assumed. The first order 

perturbations in velocity, RF fields, and number density are 

represented by ( )1 2 3, ,v v v v=r , ( )1 2 3, ,B B B B=
r

, 

( )1 2 3, ,E E E E=
r

, and, n1 respectively. We represent wave 

frequency ω, axial wavenumber kz, and cyclotron frequency 
by 

c e B mθ θω = .
 

We get the following dielectric tensor εt : 

11 13

22

13 11

0

0 0

0

ε ε
ε ε

ε ε

 
 =  
 − 

t

,       (2)  

where 
2

11 2
1 pω

ε
χ

= − , 
2

22 2
1 pω

ε
ω

= − , 
2

13 2

p ci θω ω
ε

ωχ
= , and 

2
2 0

0
p

n e

m
ω

ε
= . 

      (3) 
Making use of the above dielectric tensor, we are able to get 
RF fields in region III. RF fields in region I and II can be 
obtained with ease. Matching boundary conditions, we get a 

dispersion relation for the system, [ ]det 0G =  (4) 

IV.  INTERACTION OF BEAM ELECTRONS IN PERIODICALLY 

MODULATED PLASMA WAVEGUIDES 

Earlier , in plasma filled BWOs, it was observed that that the 
background plasma, in addition to beam confinement, 
increases the efficiency even up to many folds.[10] It had been 
proposed that background plasma is modulated by the two 
counter propagating EM waves producing a nonlinear spatial 
grating of plasma electron density. This grating is observed by 
the EM waves as a static periodic modulation of the refractive 
index that can produce feedback thereby creating strong 
coupling. This enhances the interaction and increases the 
efficiency. [11] 
There are various approaches to analyze such type of periodic 
dielectrics. Coupled mode theory has been applied extensively 
for periodic waveguides. We have used the spatial harmonic 
expansion and obtained dispersion relation for periodic plasma 
filled cylindrical waveguide. The dispersion relation is then 
analyzed numerically. The interaction of electron beam is 
studied by considering N electrons distributed uniformly in the 
periodic plasma filled waveguide. We track their positions, 
velocity and change in energy to study the interaction. 

V. NUMERICAL RESULTS AND DISCUSSIONS   

Electron temperature as a function of different gas pressure is 
shown Fig.2, it is observed that increase if pressure from 0.001 
Pa to 1 Pa at following set of parameters Ng=8000, electron 
beam energy =40keV, beam radius=0.5cm and beam current 
10A, decrease the electron temperature as there is an increase 
in electron collision frequency with plasma species. On 
increasing the pressure, more and more energy transferred 
from electron to plasma species during inelastic collision.  
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Fig. 2 Electron temperature at different gas pressure (at 80µs) 

In Fig 3 plasma density as a function of position and beam 
radius are given for beam current 50mA at 10mtorr pressure. 
The radius of the cavity is 10cm. In Fig. 3(a), the plasma 
density on the axis is drawn for different beam radii. 
Decreasing radii increases the beam density and consequently 
secondary electron density. These results are consistent with 
general trend as shown into earlier experimental result.[27] 
Spatial Profile of plasma density at rb=0.18cm is shown in Fig. 
3(b). 
 

 
Fig. 3 Plasma density at different beam radius and spatial profile of plasma 
density 
For beam radius rb=0.5cm the Debye length is approximately 
30 times greater than the case given in Fig.3. It is comparable 
to waveguide radius. Thus the defusing electrons reach the 
waveguide wall while the ions barely move giving rise to ion 

channel formation. We include a loss term v(gj)*Ne(gj)/rb in 
secondary electron density equation as diffusion term. Number 
density of ions and electrons as a function of time and 
corresponding charge density is given in Fig.4(a) and Fig.4(b) 
respectively. In Fig.4(a) ion density shown by solid curve and 
the dashed curve is for the secondary electrons density. 

 
Fig. 4 Temporal evolution of secondary electron density and ion density and 
Normalized charge density 
 

We carry out real wave analysis and obtain complex ω as a 
function of real kz. An example of dispersion curves is shown 
in Fig. 5. Figures 5(a) and (b) depict, respectively, real 
frequency Re(ω ) and temporal growth rate Im(ω ) versus 
real wavenumber kz. In Fig. 5(a), the oblique dashed line is the 
cold beam mode. In presence of finite current, it splits into the 
fast beam mode is denoted by FBM and the slow beam mode 
is shown by SBM. Conventional Cherenkov instability is 
observed as the SBM interacts with the plasma coated 
waveguide mode (PCWM) shown by ‘A’. The frequency of 

PCWM tends towards pω  as 
zk → ∞ . Another interaction is 

observed between PCWM and the structure mode (SM), 
shown by ‘B’. Ignoring the magnetic field of the beam 
removes this interaction. The thin line is SM in absence of ion 
channel and plasma coating. In Fig. 5(b), the corresponding 
growth rates are given. The maximum growth rate of the 
SBM-PCWM interaction, shown by ‘A’, is 1.82 ns-1. Strong 
instability caused by interaction between PCWM-SM, is 
shown in the inset. Its peak value is 9.81 ns-1 and is restricted 

near 0zk ≈ . 

10-3 10-2 10-1 100

10

20

30

Gas Pressure (Pa)

E
le

ct
ro

n
 t

em
pe

ra
tu

re
 (

e
V

)

0 2 4 6 8 10
0

0.2

0.4

0.6

0.8

1
[×1011]

Position (cm)

S
e
co

n
d
a
ry

 e
le

ct
ro

n 
d
e
n
si

ty
 (

cm-3
)

(b)

0.01 0.012 0.014 0.016 0.018
0

1

2

3

4

5

[×1010]

Beam radius (cm)

S
e
co

n
d
a
ry

 e
le

ct
ro

n
 d

e
n
si

ty
 (

cm-3
)

(a)

10-10 10-9 10-8 10-7
106

107

108

109

1010

1011

1012

N
um

be
r 

de
ns

ity
 (

cm-3
)

(a)

10-10 10-9 10-8 10-7

0.2

0.4

0.6

0.8

1

Time (sec)

N
or

m
a
liz

e
d 

ch
a
rg

e
 d

e
n
si

ty
 

(b)

VEDA-2016

7



 

Fig. 5:  Dispersion relation of frequency Re(ω) and temporal growth rate 
Im(ω) vs. real wavenumber kz. Beam voltage V=200kV, beam current I=50A, 
and gas pressure= 0.02 torr. In (a) Re(ω) versus wave vector kz and in (b) 
temporal growth rate Im(ω) versus wave vector kz. 

Dispersion characteristics of periodic plasma filled cylindrical 
wave guide for the following set of parameters: Beam 
accelerating waveguide radius R0= 1.5 cm and periodicity z0 
=1.8cm is drawn in Fig. 6. 

 

Fig. 6 Dispersion curve for different values of n0 and n1 = 0.2(n0). 

 

Fig.7 ∆�/�� as a function of change in velocity (∆v/vph) for a particular period 
of time is shown.  

In Fig. 7 we draw ∆�/��	 as a function of fractional velocity 
spread at t=33 periods. Electrons move faster than the wave 
loses energy. One period is the time it takes to cross z0 for the 
synchronous electron. 

 

VI.  CONCLUSIONS 

We have studied the kinetics of relativistic electron beam 
interacting with neutral argon gas for Pasotron. The results 
provide a general quantitative picture of the physical processes 
in a temporal evolution of electron beam generated argon 
plasma and electron energy distribution.  
We have derived a dielectric tensor for annular plasma in 
presence of self magnetic field generated by electron beam. A 
linear dispersion relation of an electron beam – ion channel - 
plasma filled cylindrical waveguide is obtained and numerical 
analysis is carried out. It is shown that beam generated plasma 
confines the beam by forming an ion-channel. The resulting 
system supports PCWM that can interact with beam and 
structure modes. The resulting instabilities are non-relativistic 
in nature and strongly dependent on the gas pressure.  
Periodic plasma in cylindrical waveguide supports slow 
electromagnetic waves. Dispersion relation of the system is 
obtained. Electron beam can interact with these waves creating 
addition channel of energy exchange. 
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Abstract 

VECC has been involved in accelerator design, 
development, construction and operation since the 
commissioning of India's first large accelerator, K130 
Cyclotron in 1977. The paper discusses in brief about the 
indigenous development of tetrode-based high power and 
also low power solid-state continuous-wave RF 
amplifiers, in the frequency range of 5 to 30 MHz, for 
cyclotrons which are being operated round-the-clock and 
delivered beam to the users. The brief discussion has been 
made on the design and development of the high power 
RF cavities and final RF amplifiers for the sophisticated 
three-phase radiofrequency system of K500 
Superconducting cyclotron. Besides the above, the design 
and development of solid-state RF amplifier at 75.6 MHz 
for RIB Project and the development of Inductive output 
tube (IOT) based RF amplifier for SRF cavity project also 
have been presented in this paper. 

 
INTRODUCTION 

The Radiofrequency field is required to impart energy 
to the charged particle for its acceleration. The parallel 
resonant tank circuit is necessary to build high voltage. It 
should be realized using RF cavity structure. The quarter-
wave resonant cavity, operating in transverse 
electromagnetic (TEM) mode, for  K130 cyclotron  and 
also high power RF cavities for K500 Superconducting 
cyclotron have been successfully designed and developed 
at VECC. Several numbers of high power tetrode based 
RF amplifiers have been designed and developed 
indigenously to feed power to K130 and K500 Cyclotrons 
operating within 5.5 to 16.5 MHz and 9 to 27 MHz 
respectively. The wideband solid-state driver amplifiers, 
have been developed to fulfil the requirements. Moreover, 
the associated development of broadband RF impedance 
matching network, power combiners etc.  have been 
carried out indigenously. The necessary DC high voltage 
power supplies and auxiliary supplies have been 
developed for the above amplifiers. The Programmable 
Logic Controller (PLC) based interlock system has been 
designed and developed in-house for the protection of the 
RF system of cyclotrons. Besides these, absolute RF 
voltage measurement has been carried out using X-Ray 
technique. Furthermore, Inductive output Tube (IOT) 
based RF amplifier has been developed at VECC in view 
of the ongoing project of building superconducting RF 
linac cavity to be operated at 650MHz. 

K130 CYCLOTRON CAVITY 
 

The block diagram of the K130 cyclotron RF system 
is given in Fig.1. This is a Master Oscillator Power 
Amplifier (MOPA) based system with closed loop fine 
tuning and amplitude modulation.  

The RF system has been operating in the frequency 
range of 5.5 to 16.5 MHz with maximum power of 250 
kW fed to the coaxial type of tunable cavity (as shown in 
Fig.2). The peak accelerating voltage is 70 kV.  Actual 
quarter-wave cavity (as shown in Fig.3 & 4) section is 
placed horizontally under vacuum (~ 1 x 10-6 torr.). The 
coarse tuning of the cavity is carried out by the variation 
of the characteristic impedance (using movable outer 
conductor). The condition for cavity tuning is, Z0 

tan(2πl/λ) = 1/ω Ceq , [where, Z0= characteristic 
impedance of transmission line, λ = wavelength,    ω = 
angular frequency, l = length of the line].  

 

 
Fig.1: Block diagram of the RF system of K130 

Cyclotron at VECC 
 

The main resonator cavity is made of with one-end 
short-circuited coaxial transmission line, called “Dee 
stem” (with length less than λ/4). The inner conductor of 
coaxial line (dee-stem) terminated by the accelerating 
electrode (Dee capacitance). The coarse tuning of the 
cavity is accomplished by the movement of Outer 
conductor (upper RF panel and lower RF panel, which is 
actually the variation of characteristic impedance (Z0 
variation). Fine tuning is achieved by a motor driven 
trimmer capacitor. 
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Fig.2: Schematic diagram of coaxial cavity of the  

RF system for K130 Cyclotron 
 

 
Fig.3: RF cavity section (inside) - highlighting  

Trimmer capacitor for K130 Cyclotron 
 

 
Fig.4: RF cavity section (inside) − highlighting the 

shorting end and Coupling to the Dee stem  
 

The length of the cavity is around 3975.1 mm. And the 
gap between the dee-stem and RF panel is 939.8 mm. at 
the lowest frequency and 228.6 mm. at the highest 
frequency. 
 
 
 
 

HIGH POWER RF AMPLIFIER FOR K130 
CYCLOTRON 

 
The Burle/Photonis 4648 tetrode-based high power 

RF amplifier (as shown in Fig. 5 & 6) has been designed 
and developed for the output power of 250 kW to the 
cavity for K130 Cyclotron in the frequency range on 5.5 
to 16.5 MHz. This is a high power low conductivity water 
(LCW) cooled tetrode with a very low feedback 
capacitance (0.6 pF) between anode to control grid. The 
input of this amplifier is wideband within the operating 
frequency range and the output is connected to the tunable 
RF cavity discussed in the previous section. The power 
gain of this amplifier is around 24 dB. The electrical 
schematic diagram of the said amplifier is shown in Fig.7. 
The components values are mentioned here. 
RF Bypass Filter  at anode: 
L1 = 12.4 µH, L4 = 22.2 µH, C1 = C2 = 3000 pF. 
DC blocking capacitor:  
C3 = 3000 pF, L5 = 12.5µH. 
Screen Bypass Capacitor : 
C5 = 0.057 µF, L2 = 11.5 µH, C4 = 0.006 µF, 
C8 = 0.02 µF, R1 = 500 Ω , C6 = 560 pF, 
L3 = 29 µH, C7= 8000 µF. 
 

 
Fig. 5: Burle/Photonis 4648 Tetode based  

250 kW RF power amplifier 
 
 

DRIVER POWER AMPLIFIERS 
 

The Solid-State Amplifiers for the 250 kW and 
80kW RF amplifiers have been designed and developed 
in-house at VECC. 
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Fig.6: Close view inside the 4648 tetrode based  

RF power amplifier 
 

 
 Fig.7: Electrical schematic diagram of the 4648 tetrode 

based RF power amplifier 
 

Solid-State RF Amplifier 
 
The design and development of solid-state driver power 
amplifier (as shown in Fig. 8) with 1kW CW output 
power module at 50 ohm within the frequency range of 5 
to 30 MHz has been carried out. It is to be noted that this 
amplifier is not operating at a fixed frequency. Rather, it 
has been working as wideband amplifier within the said 
frequency range. Each amplifier module is based on 
Freescale MRFE6VP61K25H MOSFET. The input/output 
impedance of this MOFET is generally low, 1.5 to 12.5 
Ohm. The impedance matching networks are required. 
Baluns are required for push-pull configuration. Generally 
4:1 and 9:1 transformers are widely used in solid-state RF 
power amplifiers. Proper thermal management of the 
solid-state amplifier is crucial for heavy-duty operation. 
Two such modules are combined to make one 500W 
amplifier. This is forced air cooled and hence the problem 

of water leakage could be avoided. The typical power 
gain of the amplifier is 45 dB with gain flatness of ±1 dB. 
The amplifier is operated in Class-AB mode with 
efficiency of 65% at full power. It has protection against 
over temperature and it can withstand high VSWR. 

 

 
Fig.8: Solid-State Power Amplifier, Heat Sink , Amplifier 

PCB, Amplifier Mounted on Heat Sink 
 
The pulsed and ramp response, output spectrum  of  the 
amplifier is shown in Fig.9. 
 

 
Fig.9: Amplifier Pulsed and Ramp Response,  

Output spectrum 
 

Broadband Impedance Transformer 
 

The broadband impedance transformer (as shown in 
Fig.10) is one of the major components for the above 
mentioned driver amplifiers and so we have designed and 
developed 1:4 and 1:9 impedance transformer (as shown 
in Fig.11) in-house.  

 

 
Fig.10: Schematic diagram of Impedance Transformer 
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      (a)                                      (b) 

Fig.11: Broadband Impedance Transformer with 
impedance ratio (a) 1:4 and (b) 1:9 

 
The measured maximum VSWR is 1.1:1 (as shown in 
Fig.12) and the maximum insertion loss is 0.1 dB (as 
shown in Fig.13). 
 

 
Fig.12: VSWR measurement of 1:4  

impedance Transformer 
 

 
Fig.13: Insertion loss measurement of 1:4  

impedance Transformer 
 
 

Broadband Power Combiner/Splitter 
 
To combine the power of smaller RF modules, it is 
necessary to have power combiner. For our solid-state RF 
power amplifier applications, we have designed and 
developed 2-Way and 4-Way power combiner (as shown 
in Fig.14 and 15) in the frequency range of 2 to 30 MHz. 
The technical specifications of both types of combiners 
are given in Table-I & II. 
 

 
Fig.14: 2-Way RF power combiner at 1 kW  

within 2-30 MHz 
 

Table-I: Design parameters for 2-Way,  
1 kW Power combiner 

 
 

 
Fig.15: 4-Way RF power combiner at 1 kW  

within 2-30 MHz 
 

Table-II: Design parameters for 4-Way,  
2 kW Power combiner 
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The measurement (as shown in Fig.16 & 17) of 
reflection scattering parameter (S11) at the input port using 
vector network analyzer (VNA) shows that the measured 
maximum voltage Standing Wave Ratio (VSWR) at the 
input port of both types of combiners is 1.1:1 within the 
said frequency range. The operating range of our 
amplifier is 5.5 MHz to 27 MHz for both K130 and K500 
cyclotrons.  
 

 
Fig.16: Scattering parameter (S11) measurement showing 

VSWR at the input port of 2-Way power  
combiner within 2 to 30 MHz 

 

  
Fig.17: Scattering parameter (S11) measurement showing 

VSWR at the input port of 4-Way power  
combiner within 2 to 30 MHz 

 
The measurement (as shown in Fig.18 & 19) of 

transmission scattering parameter (S21) between the ports 
using VNA shows that the isolation between ports is 
always better than 30 dB within the operating frequency 
range. 

 

 
Fig.18: Scattering parameter (S21) measurement showing 

isolation between ports of 2-Way power  
combiner within 2 to 30 MHz 

 
Fig.19: Scattering parameter (S21) measurement showing 

isolation between ports of 4-Way power 
 combiner within 2 to 30 MHz 

 
 

Besides the above wideband solid-state power 
amplifiers, a fixed frequency (75.6 MHz) water-cooled 
RF power amplifier module has been designed and 
developed for Radioactive Ion Beam applications. The 
module has output power of 2.5kW at 50 Ohm operating 
at 75.6 MHz. The typical power gain is 45 dB with gain 
flatness of ±0.2 dB. Presently 10kW output power is 
required for RIB applications. 

 

 
Fig.20: Amplifier PCB for 75.6 MHz module 

 

 
Fig.21: Amplifier 75.6 MHz module in a  

19-inch rack mountable cabinet 
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Fig.22: 4 No of water-cooled amplifier and  
One 4:1 Wikinson type combiner in a box 

 

 
Fig.23: Amplifier in a 19-inch rack with   

modules and power supply 
 

The micro-stripline based Wilkinson type power 
combiner has been designed and developed at low power 
stage and a quarter-wave transformer structure based high 
power (16kW) and low power (1kW) 8:1 combiners have 
also been designed and developed in-house. 
 

 
Fig.24: Simulated model for micro-stripline based  

4:1 combiner  
 

 
Fig.25: Micro-stripline based 4:1 combiner 

after fabrication 
 

 
Fig.26: VNA measurement of Micro-stripline  

based 4:1 combinerafter fabrication 
 

 
Fig.27: Simulated model for QWR structure  

based 8:1 combiner  
 

 
Fig.28: Input matching for 75.6 MHz  

QWR based 8:1 combiner  
 

RF CAVITY FOR SUPERCONDUCTING 
CYCLOTRON 

A three-phase radio-frequency (RF) system for 
K500 Superconducting (SCC) cyclotron (as shown in 
Fig.30) has been developed at VECC. The RF cavity (as 
shown in Fig.31) of  SCC consists of three half-wave 
(λ/2) cavities placed vertically 120 degree apart. Each 
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half-wave cavity[1] has two quarter-wave (λ/4) 
cylindrical cavities tied together at the centre and 
symmetrically placed about median  plane of the 
cyclotron. Each quarter-wave cavity is made up of a short 
circuited non-uniform coaxial transmission line (called 
"dee-stem") terminated by accelerating electrode (called 
"Dee"). 2D simulation [2] of the cavity has been reported 
elsewhere. 

 
Fig.29: 16kW, 8:1power combiner at 75.6 MHz  

 

 
Fig.30: Superconducting Cyclotron at VECC 

 
The specification of the RF system for the SCC is 

given in Table-III. The amplitude stability of 100 ppm 
and the phase stability of 1200±0.10 between any two dees 
have been achieved. 

 

Table-III: Specification of the RF system for SCC 
 

 
 

 
Fig.31. Half-wave Coaxial RF Cavity for K500  

Superconducting Cyclotron at VECC 
 

The schematic block diagram of the RF system for 
SCC (as shown in Fig.32) is self explanatory.  

 

 
Fig.32: Schematic block diagram of the RF system of 

superconducting cyclotron 
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HIGH POWER RF AMPLIFIERS FOR K500 
CYCLOTRON 

 
The Eimac 4CW150000E tetrode-based high power 

RF amplifier[3] has been designed and developed for the 
output power of 80 kW (at 50 Ω) to the cavity of K500 
superconducting cyclotron in the frequency range on 9 to 
27 MHz. The schematic diagram of the amplifier 
(operating in class AB mode with grounded cathode 
configuration) is shown in Fig.43. This is a high power 
low conductivity water (LCW) cooled tetrode with a 
feedback capacitance (1.0 pF between anode to control 
grid). The power gain of this amplifier is around 20 dB. 
The electrical schematic diagram of the said amplifier is 
shown in Fig.34.  

 

 
Fig. 33:Scvhematic diagram of Eimac  

based high power RF amplifier for SCC 

 
Fig.34: Electrical schematic diagram of Eimac tetrode 

based RF amplifier 
 

The input circuit (as shown in Fig.35) of this amplifier is 
broadband within the frequency range and gives around 
50 Ω with a  maximum VNA measured  VSWR of 
1.1345:1 at 18.18 MHz (as shown in Fig.36). The output 
is connected to the tunable RF cavity. 

 

 
Fig.35: Broadband input circuit of Eimac tetrode based 

RF amplifier 
 

 
Fig. 36: Input VSWR measurement for Eimac tetrode 

based RF amplifier 
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IOT BASED RF AMPLIFIER 
 

The state-of-the-art Inductive Output Tube (IOT) 
based high power (60 kW) RF amplifier (as shown in 
Fig.37) has been developed and energized at VECC at the 
operating frequency 704 MHz. It can also be tuned at 650 
MHz for the Project-X or ADSS applications. This 
Thales#TH793 IOT based amplifier is the first of its kind 
in India. Compared to klystrons, IOT exhibits very 
interesting characteristics in terms of efficiency (>65% 
usually), linearity and compactness. In case of IOT, 
maintenance is simpler as the replacement of tube is only 
required and also an IOT can be re-gunned twice at about 
60% of that of the new IOT cost. 
 

 
Fig. 37: IOT based high power RF amplifier operating  

at 704/650 MHz 
 

CONCLUSION 
 

A comprehensive overview of the indigenous design 
and developments of the RF cavity system, high power 
RF amplifiers, solid-state wideband driver amplifiers, 
impedance matching circuit, power combiners etc for the 
cyclic accelerators have been thoroughly discussed in this 
manuscript. Also, the development of high frequency  
high power IOT based amplifier has been explained in 
brief. It is to be noted that the above developments are 
being used round-the-clock in the accelerators with very 
satisfactory performance at Variable Energy Cyclotron 
Centre, Kolkata. 
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Abstract - Electrical and electronic equipments are important 

components of instrumentation and control (I&C) systems for 

safe and reliable operation of safety critical installations such as 

nuclear power plants (NPPs). Failure of components such as 

electronic devices, control and monitoring boards, electrical 

cables, etc. challenge the safety of such critical industrial 

facilities. Regulatory requirements exist for ensuring the safety 

by various techniques. For NPP, reliability targets are specified 

for safety critical systems, for example, the unavailability of a 

safety critical system in an NPP shall be less than 1.0E-3/demand. 

In order to arrive at the required target values, the systems have 

to be analysed for all the possible failures of basic components for 

estimating the overall failure rate/mean time between failures 

(MTBF). Several approaches based on handbooks, reliability 

testing and physics of failure are widely used for estimating the 

component reliability of a system. This paper presents a few 

methods to determine the reliability measures for electronic and 

electrical components in a safety critical system. This paper also 

presents a few case studies involving various reliability 

techniques towards reliability evaluation of complex engineering 

systems.  

Keywords –Reliability; mean time to failure; life testing; physics of failure; 

nuclear power plants. 

I  INTRODUCTION 

The main objective of any NPP is to keep the radiation 
exposure to public and plant personnel as low as reasonably 
achievable (ALARA) during normal operation as well as in 
the event of accident conditions. Electrical and electronic 
equipments are one of the important components of 
instrumentation and control (I&C) systems for safe and 
reliable operation of NPPs. Failure of components such as 
electronic devices, control and monitoring boards, electrical 
cables, etc. challenge the safety of such critical industrial 
facilities. Regulatory requirements exist for ensuring of safety 
by various techniques. For NPP, reliability targets are 
specified for safety critical system, for example, the 
unavailability of a safety critical system in an NPP shall be 
less than 1.0E-3/demand. In order to arrive at the required 
target values, the systems have to be analysed for all the 
possible failures of basic components for estimating the failure 
rate/mean time between failures (MTBF).  

A.  Failure of engineering systems  

The failures are random and are inevitable for any complex 
engineering systems. The impact of failures varies from minor 

inconvenience and costs to personal injury, significant 
economic loss and fatalities. Causes of failure include bad 
engineering design, faulty manufacturing, inadequate testing, 
human error, poor maintenance, improper use and lack of 
protection against excessive stress. Designers, manufacturers 
and end users strive to minimize the occurrence and 
recurrence of failures. In order to minimize failures in 
engineering systems, it is essential to understand „why‟ and 
„how‟ the failures occur. It is also important to know how 
often such failures may occur. Reliability engineering attempts 
to study, characterize, measure and analyze the failures and 
repair systems in order to improve their operational use by 
increasing their design life, eliminating or reducing the 
likelihood of failures and safety risks, and reducing down 
time, thereby increasing available operating time at the lowest 
possible life cycle costs.  

B. Typical causes of failures in engineering systems  

The specific causes of failures of components and 
equipments in a system can be many. Some are known and 
others are unknown due to the complexity of the system and 
its environment. A few of the common failure causes are as 
below: 

 Poor design (component or system), 

 Wrong manufacturing techniques, 

 Lack of total knowledge and experience, 

 Complexity of equipment, 

 Poor maintenance policies, and  

 Human errors, etc. 

C  Reliability definition  

Reliability is the probability, that a product or device will 
perform its intended function for a specified period of time 
under stated operating conditions. There are typically four 
elements in the definition of reliability. 

Probability: refers to the chance or likelihood that the 
device will work properly. This is measured as a decimal ratio 
between 0 and 1 and is usually expressed as percent. 

Intended function: The intended function of the device is 
related to the quality. For this, standard is needed, which 
should contain effective measurement criteria for comparing 
actual performance with the standard. If the actual 
performance falls within the tolerance limits of the standards, 
the intended function of the device is treated as successful. 
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Specified period of time: nothing lasts forever and nothing 
can perform adequately forever. Therefore, an intended 
function time frame is needed, usually called as mission time. 

Operating conditions: The product may perform its 
intended function adequately in one set of conditions and quite 
poorly in another. A part designated for ambient temperature 
for instance may be totally inadequate for higher and lower 
temperatures. Stated conditions include pressure, temperature, 
humidity, shock, vibration, etc. 

II  SYSTEM RELIABILITY  

Reliability is essential for complex systems such as 
aircrafts, missiles and satellites, nuclear and other power 
plants. Reliability is also essential for common day to day use 
items such as transportation, communication, automobiles, 
refrigerators, televisions, etc. The unreliability of any system 
will result into the following factors: 

Unreliability 

 

Financial loss 

Customer dissatisfaction 

Fatalities 

 

Hence reliability prediction is must.  Prior to any system 
analysis, the failure rates of the basic parts/components and 
their distribution should be known. Aim is to find system 
failure mode via the failure modes of the parts/components 
building the system. For this analysis functional connection of 
the unit should be known.  

The reliability of a system, Rs(t), is the probability that a 
system performs a required function under given conditions 
for a given time interval (0, t).  In general, it is defined by the 
relationship: 

]).(exp[)(
0



t

S duutR   (1) 

Where, )(u  denotes the system failure rate at t = u, u 

being a dummy variable. In what follows Rs(t) will be written 
for simplicity as Rs. The unreliability of a system (probability 
of failure), Fs, is given by: 

           (2) 

The most widely employed techniques for system reliability 
analysis are: 

1) Failure Mode and Effect Analysis (FMEA)  

2) Reliability Block Diagram (RBD) 

3) Fault Tree Analysis (FTA) 

4) Event Tree Method 

5) Markov Model 

 

FMEA identifies potential component failures and 
success, and assesses their effects on the system. If the 
criticality of the effects is also considered in the analysis, it is 
then referred as FMECA. Suited for systems in which a single 
component failure would result in system level failures. Ill-

suited for systems in which two or more component failures 
are necessary to produce system level failures. It is a forward 
logic approach because it progresses from component failures 
to system failures and consequences. 

Reliability block diagram is a graphical representation of 
system‟s success logic using modular or block structures. 
Reliability modeling by RBD is primarily intended for non-
repairable systems only, for example space systems (space 
shuttle etc.) adopt RBD techniques for reliability prediction. 

Fault tree is a qualitative model which provides useful 
information on various causes of undesired top events. 
However, quantification of fault tree provides top event 
occurrence probability and critical contribution of the basic 
causes and events. Fault tree approach is widely used in 
probability safety assessment. 

Event tree is an inductive method which shows all 
possible outcomes resulting from an initiating event. Initiating 
event can be sub system failure or external event (such as 
flood, fire, and earthquake) or human error. Event tree models 
the sequences containing relationships among initiating event 
and subsequent responses along with the end states. Various 
accident sequences can be identified and probability of 
occurrence of each sequence is further quantified. 

III  RELIABILITY PREDICTION OF ELECTRONIC EQUIPMENT  

There are two well-known methods of electronic reliability 
prediction namely, empirical method and life testing. The 
empirical approach utilizes empirical failure rate models for 
electronic components along with component specific data 
such as operating voltage, current, temperature, humidity etc. 
to estimate the failure rate. Details of the prediction 
methodology, assumptions and brief description of the 
reliability tool are discussed below. 

A  Failure rate estimation by MIL-HDBK-217F Notice 2 

The most widely known and used reliability prediction 
handbook is MIL-HDBK-217F Notice 2. It is used by both 
commercial companies and the defense industry, and is 
accepted world-wide. It contains failure rate models for 
numerous electronic components such as integrated circuits, 
transistors, diodes, resistors, capacitors, relays, switches, and 
connectors, etc. Based on this standard, the failure rate and 
mean time between failures (MTBF) for the individual 
components, equipment and the overall system can be 
estimated. 

The MIL-HDBK-217F handbook contains two methods of 
reliability prediction, (i) Part stress analysis and (ii) Parts 
count analysis. The two methods vary in the degree of 
information required to be provided. The part stress analysis 
method requires a greater amount of detailed information and 
is usually more applicable to the later design phase. The parts 
count method requires less information such as part quantities, 
quality level and application environment. It is most 
applicable during early design or proposal phases of a project. 
The parts count method will usually result in a higher failure 
rate or lower system reliability, a more conservative result 
than the parts stress method would produce. 
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1)  Parts count method 

This method is used in the preliminary design stage when 
the number of parts in each generic type class such as 
capacitors, resistors, etc., is reasonably fixed and the overall 
design complexity is not expected to change appreciably 
during later stages of development and production. The parts 
count method assumes the time to failure of the parts is 
exponentially distributed (i.e., a constant failure rate). 

The item failure rate can be determined directly by the 
summation of part failure rates if all elements of the item 
reliability model are in series or can be assumed in series for 
purposes of an approximation. The general expression for item 
failure rate with this method is: 

 

  ∑        
 
      (3) 

Where, 

             n      Number of part categories  

  Ni       Number of parts in category i  

             λi       Failure rate of category i  

             ∏Qi  Quality factor for category i  

   λ    Total failure rate per million hours  

2)  Part stress method 

The previous method described was based on average 
failure rates for each component part type. It is well known 
that part failure rates vary significantly with applied stresses, 
sometimes by several orders of magnitude. This technique is 
based upon a knowledge of the stress to which the part will be 
subjected, e.g., temperature, humidity, vibration, etc., and the 
effect of those stresses on the part's failure rate. 

The MIL-HDBK-217F standard groups components or 
parts by major categories and then has subgroups within the 
categories. An example is that a “fixed electrolytic (dry) 
aluminium capacitor” is a subcategory of the “capacitor” 
group. Each component or part category and its subgroups 
have a unique formula or model applied to it for calculating 
the failure rate for that component or part. Failure rate model 
for transistor in MIL-HDBK-217F Notice 2 is given by: 

                              
         (5) 

 

Where, 

       Base failure rate 

       Temperature factor 

      Application factor 

      Quality factor 

     Environment factor 

 

B  Failure rate estimation by RIAC-HDBK-217plus 

methodology 

Empirical prediction involves usage of standardized 
empirical failure rate models for reliability estimation. These 
models are mostly available as software tools, hence simple to 
apply and do not require any planning. In this study, RIAC-
HDBK-217Plus methodology is used for failure rate 
estimation. It supports failure rate models for most of the 
electronic components and takes into account all the essential 
operating stress variables and environment that impact 
component reliability. Unlike MIL-HDBK-217F Notice 2 
where models are multiplicative, these models are additive and 
there is a failure rate term each for operating, non-operating 
and induced failures in the equation. The failure rate model 
available in RIAC-HDBK-217Plus for capacitor is given by: 

  SJDTSJBEOSDTCRTCBTEDCNEBSTODCOOBCGp    
(4) 

 

Where,     = Reliability growth failure rate multiplier 

    = Capacitance failure rate multiplier 

   = Base failure rate, operating 

     = Failure rate multiplier for duty cycle, operating 

    = Failure rate multiplier for temperature, operating 

    = Failure rate multiplier for stress 

λEB = Base failure rate, environmental 

 DCN = Failure rate multiplier, duty cycle – non operating 

 TE = Failure rate multiplier, temperature – environment 

λTCB = Base failure rate, temperature cycling 

 CR = Failure rate multiplier, cycling rate 

 DT = Failure rate multiplier, delta temperature 

 SJB = Base failure rate, solder joint 

 SJDT = Failure rate multiplier, solder joint delta temperature 

λEOS = Failure rate, electrical overstress 

 

C. RELEX Architect software tool for reliability 

prediction 

RELEX Architect software is an integrated reliability 
software package which includes modules such as reliability 
prediction, FMEA, fault tree, reliability block diagram etc. It 
supports various prediction standards such as MIL-HDBK-
217FN1, MIL-HDBK-217FN2, MIL-HDBK-217plus and 
BELLCORE/TELCORDIA. Its library supports electronic, 
electrical and mechanical components. For any component 
that is not present in the library, there is a user defined 
category in which this component can be updated and the 
required parameters fed by the user. 

1)  Case study: Reliability analysis of smart pressure 

transmitters 

The calculation of reliability of smart pressure transmitter 
(SPT) is of vital importance to ensure safe operation of a NPP. 
The total failure rate of a smart transmitter is cumulative of the 
failure rates of all the different components present in the 
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smart transmitter. In order to calculate the reliability of each 
component individually, Relex Architect software tool has 
been used to predict the failure rate of the electronic 
components based on parts stress methodology of MIL-
HDBK-217 Plus. For components whose failure rate models 
are not available in RIAC-HDBK-217Plus, the failure rates of 
those components were estimated from MIL-HDBK-217F 
Notice 2. 

A few assumptions and boundaries for the analysis are:  

 All components in a circuit are assumed to be 

connected in series.  

 All components under study are assumed to be of 

commercial grade. 

 Operating profile: GSI - Ground, Stationary, Indoors  

 Temperature: 40
0
C  

 Relative Humidity: 70% 

 Duty cycle: 80%  

 
The computed failure rates and MTBF of various internal 

modules in SPT are shown in Table I. The total failure rate 
and MTBF of SPT are given in Table II. Resistors and display 
cards are found to be the major contributors towards SPT 
failure rate. 

TABLE I. FAILURE RATES AND MTBF OF VARIOUS MODULES 

OF SPT 

 

Module 

 

Failure rate (/106 hrs.) MTBF (hrs.) 

CPU board 

Signal conditioning board 

Display board 

Input board 

Termination board 

0.211823 

2.510037 

1.386153 

0.529118 

0.003044 

4.72E+06 

3.98E+05 

7.21E+05 

1.89E+06 

3.29E+08 

 

It is observed from Table I that Signal Conditioning Board 
has higher failure rate followed by Display, Input, CPU and 
Termination boards. 

TABLE II.  TOTAL FAILURE RATE AND MTBF OF SPT  

Module 

 

Failure rate (/106 hrs.) MTBF (hrs.) 

Smart Pressure Transmitter 4.640174 215509.16 

 

Effect of temperature on failure rates of SPT 

Since fluctuations in temperature are anticipated in the 
environment, % change in module failure rates for ±10

0
C 

change in temperature is determined. Table III provides the 
results on effect of temperature on failure rates of SPT. 

TABLE III: EFFECT OF TEMPERATURE ON FAILURE RATES OF 
SMART PRESSURE TRANSMITTER 

 

Module 

Failure rate 

(/106hrs) 

(at 30 0C) 

Failure rate 

(/106hrs) 

(at 40 0C) 

Failure rate 

(/106hrs) 

(at 50 0C) 

Smart pressure transmitter 3.103366 4.640174 6.404446 

 

IV.  PHYSICS OF FAILURE METHOD 

The physics of failure (PoF) method addresses the 
weaknesses of traditional approaches such as:  

1) the misleading use of constant physics-of-failure,  

2) the use of the Arrhenius temperature model, and  

3) the modeling of wear-out mechanisms, etc. 

An important step in this approach is to identify the 
potential failure mechanisms, such as chemical, electrical, 
physical, mechanical, structural, or thermal processes leading 
to failure, and the failure sites on each device. The next step is 
to expose the product to highly accelerated stresses to find the 
dominant root-cause of failure. Once the dominant failure 
mechanisms as the weakest link is identified, then requires 
modeling of the system for the dominant mechanism and 
develop the life-stress relationship for failure rate prediction. 

A.  Case study: Semiconductor laser failure rate 

prediction  

A semiconductor laser manufacture with the following 
specifications: 

 Optical output power = 3mW 

 Ambient temperature = 25
0
C 

 System lifetime = s (25
0
C) = 10

5
h 

 Time-averaged failure rate =  = 500 failures in time 

(FITs) 

 Confidence level = 50% 

Lasers are to be operated in “ground benign” environment. 
Compare the reliabilities from MIL-HDBK 217F, BELCORE 
and Physics of failure methods. 

1)  MIL-HDBK-217F method 

Steady state failure rate prediction model for an 
InGaAs/InGaAsP semiconductor laser is:  

                                  
         (6) 

Where, λb is base failure rate and i are various 
multiplying factors. From the handbook, 

λb 
5650 FITs 

T 1.0 (25
0
C) 

Q 1.0 (hermetic package) 

I 0.08 (peak forward current I = 25mA) 

A 0.71 (50% duty cycle) 

P 1.5 (in constant optical power operation, end-of-life is 

defined as a 50% increase in drive current) 

E 1.0 (ground benign environment). 

 

The resulting value of λ is 480 FITs. 

2)  Bellcore TR-NWT-000332 method  
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Steady state failure rate model is given by: 

 

     
  

  
  

     (7) 

Where, λb is base failure rate and i are various 
multiplying factors. From the handbook,  

 

‟b 5000 FITs 

‟Q 0.5 (hermetic package) 

‟S 1.0 (no electrical stress specification) 

‟T 0.15 (25
0
C) 

 

The resulting value of λ is 375 FITs. 

3)  Physics of failure method 

The time averaged Weibull model failure rate by 
considering the gradual degradation of laser by burn-in 
mechanism is given by: 

    
     [

 

   
]

 
 ∑         

   
 

    (8) 

 Confidence level C = 0.5 (50%) 

 System life is s = 10
5
 h 

 Weibull parameter α = 0.75 

 Thermal activation energy, Ea = 0.4eV 

 For 60
0
C, n = 30, 

 A (60,25
0
C) = 5.14 

 t = 3x10
3
 h, 

The resulting value of λw is 240 FITs. 

A comparison of the failure rate from different methods is 
shown in Table IV. 

TABLE IV.  FAILURE RATES FROM DIFFERENT METHODS 

Methods  
Failure rate,  (FITs) 

Mil-Hdbk-217F 480 

Bellcore TR-NWT-000332 375 

Physics of Failure 240 

Field data 225 

 

MIL-HDBK 217F and Bellcore standards predict higher 
failure rate in this case. These models do not consider the 
actual physical mechanism of failure. The physics of failure 
method is in good agreement with field data. 

V.  LIFE TESTING AND DETERMINATION OF MEAN LIFE  

The term “life data” refers to measurement of product life. 
Product life can be measured in hours, miles, cycles or any 
other metric that applies to the period of successful operation 
of a particular product. Since time is a common measure of 
life, life data points are often called "times-to-failure" and 
product life will be described in terms of time. There are 

different types of life data and because each type provides 
different information about the life of the product, the analysis 
method will vary depending on the data type. With “complete 
data”, the exact time-to-failure for the unit is known (e.g., the 
unit failed at 100 hours of operation). With “suspended” or 
“right censored” data, the unit operated successfully for a 
known period of time and then continued (or could have 
continued) to operate for an additional unknown period of 
time (e.g., the unit was still operating at 100 hours of 
operation). With “interval” and “left censored” data, the exact 
time-to-failure is unknown but it falls within a known time 
range. For example, the unit failed between 100 hours and 150 
hours (interval censored) or between 0 hours and 100 hours 
(left censored).  

There are two types of life testing methods for obtaining 
the failure data of a component for mean time to failure 
(MTTF) calculations namely, Type I and Type II censored. In 
Type I testing, the test is terminated after specified time period 
whereas in case of Type II testing, the test is terminated after a 
specified number of failures is observed. In both types, the 
tests are continued by replacing the failed components with 
new components.  

A.  Type I: Time terminated 

1).  With replacement 

Test is terminated after a specified time t0. Whenever a 
component fails it will be replaced with a new component. 

         (9) 

Where, T= Accumulated component hours 

Let R= Number of failures observed up to time t0 and if 
time to failure follows exponential distribution, then 

RnntesttheinunitsofNo

R

T
MTTF

T

R
eFailurerat







.

1





 (10) 

 

2).  Without replacement 

Test is terminated after a specified time t0. Whenever a 
component fails it will not be replaced with a new component. 
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(11) 

 

B.  Type II: Failure terminated 

1).  With replacement 
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Test is terminated after a specified number of failures (R). 
Whenever a component fails it will be replaced with a new 
component. 

1.

1
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R
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(12) 

 

2).   Without replacement 

Test is terminated after a specified number of failures (R). 
Whenever a component fails it will not be replaced with a new 
component. 
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(13) 

Case study: The performance of ten pressure monitors is 

monitored while operating for a period of 1200 hours.  The 

test results are listed in Table V.  Every failed unit is replaced 

immediately.  What is the MTTF? 

TABLE V.  TEST RESULTS OF PRESSURE MONITORS 

Unit number Time of failure (hours) Number of failures  

1 650 1 

2 420 1 
3 130 and 725 2 

4 585 1 

5 630 and 950 2 
6 390 1 

7 No failure 0 

8 880 1 
9 No failure  0 

10 220 and 675 2 

 Total failures 11 

 

Here, n = 10 sets of tests, and number of failures, R = 11 
failues, and t0 = 1200 hours (test duration). Using equation 
(10), the MTTF is found to be 1091 hours. 

A.  MTTF confidence limits 

When a product‟s failure rate is considered constant, the 
Chi-square distribution may be used to calculate confidence 
intervals around a measured MTTF, which is the total test time 
among all tested products divided by the number of failures. 
The calculation differs depending on whether the test data 
truncates on the last failure or at a time after the last failure. 
The formulas used are given in Table VI. 

 

 

TABLE VI.  MTTF CONFIDENCE LIMITS 

Confi

dence 

Interv

al 

MTTF Limits 

Time Terminated 

Tests 

Failure Terminated 

Tests 

Lower Upper Lower Upper 

One-

sided 

  

          
 - 

  

        
 - 

Two-

sided 

  

            
 

  

            
 
  

          
 

  

            
 

Where, T is the total test time 

  is the acceptable risk of error (1- desired confidence) 

n is the number of failures observed 

 

VI.  CONCLUSIONS 

The recent advances in reliability prediction of electronic 

equipment have been discussed in this paper. Critical failure 

modes and the important stress factors must be considered 

while predicting the reliability. The physics of failure methods 

provides a strong basis towards realistic estimation by 

accounting for the potential failure mechanism. The 

confidence bounds on MTTF provide information on the 

uncertainty present in the results.  
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Abstract 

This paper highlights the necessity of vacuum requirements 
of vacuum tubes and particle accelerators. Since accelerators are 
also viewed as vacuum electronic device, the materials that are 
used in both accelerators and vacuum tubes, their fabrication 
techniques and the processes involved in attaining the required 
high and ultra high vacuum are discussed. 

Keywords—accelerators, fabrication, vacuum 

I.  INTRODUCTION  

Klystrons operate in High and ultrahigh vacuum range, ie: 
better than 10-8 mbar vacuum. In a klystron, an electron beam 
interacts with radio waves as it passes through resonant 
cavities, metal boxes along the length of a tube. Residual gas 
in the tube can become ionized by the beam.  These ions can 
lead to a host of problems ranging from ion focusing, to ion 
etching of the cathode, to ion oscillations.  CW tube are most 
susceptible to these problems. 
In  particle accelerators, Vacuum aims to reduce beam-gas 
interaction which is responsible for: 

• Machine performance limitations: 
• Reduction of beam lifetime (nuclear scattering) 
• Reduction of machine luminosity (multiple coulomb 

scattering) 
• Intensity limitation by pressure instabilities 

(ionization) 
• Electron (ionization) induced instabilities (beam blow 

up ). 

 

The required vacuum is achieved and maintained in 
vacuum tubes by 

• Proper selection of materials 
• Selection of forming and joining techniques 

compatible to UHV practices 
• Chemical cleaning  to remove the contaminants 

from surfaces 
• High temperature processing like baking 

procedures 
• Appendage pumping 

 

 

II DESCRIPTION 

Choice of materials: 
 
The microwave tube materials must be vacuum 
compatible. The materials shall have low vapour 
pressure at operating and  bake out temperatures. The 
material must be devoid of any inclusions and voids 
which can lead to real or virtual leaks. For 
microwave tube applications, the material shall have 
good electrical and thermal conductivity, coefficient 
thermal expansion matching adjacent materials and 
good strength. Similarly the materials for 
accelerators,  
only UHV compatible metals should be used for the 
systems. Stringent cleaning and UHV-compatible 
handling is paramount. Only all-metal joints are 
permitted.  
For high beam intensity accelerators, beam pipe 
material with high electric conductivity must be used 
for carrying image wall current.  
For beam chambers not subject to direct power 
deposition from synchrotron radiation or particle 
bombardment, stainless steel with copper 
coating/plating/lining is an option. The thickness of 
the copper coating only need to be a few factors of 
skin-depth at fundamental beam RF frequency.  
For beam chambers intercept SR power, or intense 
particle impingement, material with good bulk 
electric and thermal conductivities must be used. 
Aluminum alloys, copper or copper alloys are usually 
used.  
 
Base Materials 
 
A representative list of materials that are generally 
used are as follows: 
a) OFE copper, 99.99% pure- oxygen free  copper 

with its inherent properties like higher thermal 
and electrical conductivity  and ease of brazing 
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b) Cupro Nickel with 70% copper and 30% Ni alloy 
that can be easily brazed and welded. It has   
moderate strength. 
The yield strength of dead soft copper is very 
low and lower annealed yield. CuNi has low 
stress relieving temperature and hence results in 
low residual stresses in metal to ceramic joints. 
This is better than Kovar.  

c) Monel 404 with 45% Cu and 55% Ni alloy is 
used for its brazability, moderate strength, and 
good thermal expansion. 

d) Austenitic stainless steel   primarily 304L with 8-
12% Ni, 18-20 % Cr , balance Fe. These 
materials can be brazed and welded easily , have 
high strength  and are used extensively for tube 
structural components. 

Low Carbon  grades of stainless steel should be used 
to avoid sensitization during high temperature 
processing above 425°C. Vacuum melted grades are 
used for high field locations and  areas where the 
work direction cannot be made parallel to thin walls. 
Cross forged material can be used  for removing 
inclusions and stringers. 

e) Pure Fe as Core Iron  
f) Ferritic stainless steel , 430 grade  with 16 -18% 

Crand balance Fe is normally used for its high 
microwave loss property and used for loss 
cavities and loads. 

g) Molybdenum is used for high strength and 
acceptable for ease of brazing. This is used for 
cathode heaters, support structures and 
components having changing heat loads. 

h) Tungsten is high strength refractory material and 
primarily used for dispenser cathode matrix. 
 

Braze Materials 

a) Copper is excellent with low vapour pressure 
b) Gold Copper alloys are used  in wide range of 

melting temperatures, low vapour pressure 
c) Copper Silver alloys are used  as they are cheaper 

than Copper-Gold alloy, lower melting temperature ranges, 
high vapour pressure and not used in Klystron 
 
              Non Metallic Materials 
 
Aluminium Oxide are hard, strong dielectric material 
transparent to microwaves and are used in High Voltage seals, 
insulators and RF windows. Aluminium Oxide is adequate for 
high power RF windows. Higher average power and higher 
frequency devices may require more exotic window materials 
such as BeO, sapphire or diamond. 

Titanium Oxide have low secondary electron yield and are 
deposited using reactive sputtering or evaporation. It 
suppresses multipactoring and avalanche breakdown. 
20 to 25 Angstrom thickness is sufficient for HV seals. 
 

 
III Processing 

 
The fundamental reason for establishing stringent 
manufacturing processes is to maintain a high 
vacuum in an operating tube. Without a good vacuum 
it is not possible to maintain an active dispenser 
cathode, develop the necessary high-voltage 
gradients at the electron gun, or RF gradients at the 
tube output cavity and window. To obtain a high 
operating vacuum (order of 10-9 Torr),it is necessary 
to develop a manufacturing discipline (or QC system) 
that is religiously applied. This should begin with 
specifications and lot control for all raw materials 
used. A fully equipped inspection unit and facilities 
for metallography and chemical tests are necessary, 
to check for purity in metals. 

Parts can only be machined with approved cooling 
fluids or lubricants, and must be chemically cleaned 
according to specific protocols before they are 
assembled. Dispenser cathodes are stored in vacuum 
containers until used. 

 Simulation techniques have come a long way and, in 
many cases, are adequate to guide design and help 
avoid tiresome cold tests.  

After cleaning for removing the contaminations, pre 
braze assembly using gloves in a clean environment 
is undertaken. Brazing is either in dry or wet H2 
atmosphere depending on the materials used. Helium 
mass spectrometer leak detector shall be used for 
detecting the leak tightness before further assembly. 
Pre braze machining is done wherever required. 

The type of machining that can be used are 
conventional machining with proper tooling, 
electrical discharge machining, Hydroforming is 
good thin walled parts like bellows, forgings  and 
electroforming that  will aid in making any shape. 

All the basic principles for vacuum components 
processing shall be taken care of which includes 
avoidance of trapped volumes. 

The cleaning procedures consists of Degreasing to 
remove the surface oils, alkaline rinse to remove 
surface grime, Acid etch  to remove surface oxide 
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layers  and rinsing with water solution to make the 
assembly clean. 

Joining involves Brazing in clean vacuum compatible 
furnaces, H2 furnaces, diffusion bonding, welding 
using Gas Tungsten Arc Welding. Brazing is the 
mainstay of tube fabrication. Diffusion bonding is 
routinely used in producing X band accelerator 
structures 

Gun Processing 

Since the Gun is both the hottest part of an operating 
Klystron and the most sensitive to vacuum, this 
requires special processing. All the gun components 
are vacuum fired typically at 800°C. The gun stem 
and cathode are assembled and placed in a bell jar 
and temperature is raised slowly  

1) Keeping RF on, temperature is raised to 980°C 
and pressure is kept below 10-6torr. Stabilize  at 
this temperature until pressure drops  to < 5X10-8 

torr 
2) The temperature is raised to 1030°C and is held 

till the pressure slope flattens. 
3) The temperature is lowered to 980°C, and held 

until the pressure slope flattens 
4) RF isput off, and the pressure is maintained. 
5) Again the temperature is raised to 1030° and 

when the pressure peaks, cooling is started after 
one hour at this pressure. 

Bake out schedule for tube is as follows: 

1) The tube is evacuated and  the filament is ramped at 
2A/hr to 12A after tube pressure  reaches <5X10-6 
torr.  

2) Baking is done at the rate of 15°C/hr to 550°C and 
maintaining the tube pressure at <3X10-5torr. 

3) Filament is ramped at 1A/hr to 17A maintaining the 
tube pressure <3X10-5torr. 

4) Baking is continued until pressure stabilizes. 
5) Cooling is done at 15°C/hr to 430° and waited for 6 

hrs. 
6) Filament is raised to 18A providing tube pressure 

<5X10-8 torr and held until tube pressure < 10-8 or 
stable. 

7) Cooling is done at 15°C/hr and ramping down the 
filament is started at 1A/hr. 

8) Leak checking is done along with RGA 
9) Filament is ramped at 1A/hr to 19A and held.  
10) One hour after the pressure drops at 19A, emission 

check is done 
11) Cooling is done. 

 

 

 

 

 

IV Some typical Illustrations of Indus vacuum 
systems: 

Operational beamlines of Indus-1 

1) High resolution VUV spectroscopy beamline  

2) Angle integrated Phtoelectron spectroscopy beamline 

3) Photoelectron spectroscopy beamline 

4) Soft X-Ray reflectivity beamline 

5) Photophysics beamline 

6) Infrared spectroscopy beamline 

7) PASS-Photo absorption spectroscopy studies beamline 

 

Salient features of Indus-2 Vacuum system: 

Circumference: 172.47m 

Ultimate vacuum : 5X10-10mbar(w/o beam) 

Highly intense Synchrotron radiation- 187kW Power 
and Large PID 

Same aperture  thru’out the ring  to reduce HOM 
losses 

Integrated antechamber in dipole sections to facilitate 
the installation of photon absorbers and vacuum 
pumps 

Aluminium  alloy vacuum chambers 

More than 100 Sputter ion pumps made in RRCAT 

Pumping scheme: SIPs with Titanium sublimation 
pumps 
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Implementation of NEG coated chambers with low 
gap and low conductance 

 

 

 

 

 

 

Beam line of Indus-2 

1)SXAS (BL-01) (Commissioned) 

2)Engineering Applications (BL-2)  

3)Soft X-ray reflectivity (BL-3)  (Commissioned) 

4) Imaging (BL-4)  (Commissioned) 

5)X-ray Lithography (BL-7)  (Commissioned) 

6)EXAFS (BL-8)  (Commissioned) 

7)EXAFS Scanning (BL-9) (Commissioned) 

8)Extreme conditions AD/ED-  

    XRD(BL11)     (Commissioned) 

9)ADXRD(BL-12) (Commissioned) 

10)GIXS(BL-13) (To be commissioned soon) 

11)XPES (BL-14)  (Commissioned) 

12)XRF- microprobe (BL-16) (Commissioned) 

SWAXS(BL-18) 

13)Protein Crystallography (BL-21)  (Commissioned) 

14)ARPES/PEEM (BL-22)  

15)Visible Beam Diagnostic (BL-23) (Commissioned) 

16)X-ray Beam Diagnostic (BL-24)  (Commissioned) 

 

Some important images of Indus-2 vacuum systems and 
developments 
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Conclusions 

The capability of vacuum components development in 
RRCAT and the processes involved in making ultra high 

vacuum components for vacuum tubes and accelerators is 
highlighted. Though the list is not elaborate, a huge potential 
of making ultra high vacuum compatible components is 
available within the country. The testing and qualifying these 
UHV components and instrumentation is well developed and 
standardized for different applications.
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Abstract—Depending on operating RF frequency and   

required RF power level, various type of vacuum electronic 
devices find their application in realization of various RF power 
systems in RRCAT which includes- Multi beam klystrons, IOT, 
Planar triode, tetrode, in addition to the solid-state devices based 
systems. This paper describes some of the work done in this area 
which is useful in utilization of these devices for particle 
accelerator RF power system at high power level. 

Keywords—vacuum tubes, amplifiers 

I.  COAXIAL TETRODE TUBE IN ACCUMULATOR RING RF POWER 
SYSTEM. 

100kW/1MHz RF power system as useful for energizing 
Ferrite loaded coaxial λ/2 cavity, is invariably a tube based 
system, which make use of power coaxial tetrode for  
supplying required RF current to the ferrite loaded coaxial 
cavity in generation of required RF voltage across the 
accelerating gap as per the pre-determined schedule. From the 
RF amplifier point of view, the ferrite loaded coaxial 
accelerating λ/2 cavity which forms a integral part of the 
accumulator ring vacuum envelope, is under dynamic 
impedance loading by the circulating beam current and is kept 
tuned at the operating RF frequency electronically by means 
of DC bias current. Under various phases of beam operation- 
injection, storage, pulse compression and extraction, the 
amount of beam loading-the load impedance subjected to the 
cavity, varies substantially and therefore  the value of load 
impedance seen by the tetrode tube at its anode varies to a 
large extend.  

Conventionally, the tetrode/triode tube based RF 
amplifiers are designed graphically with help of constant 
current characteristics; thereof the performance is determined 
at optimum load impedance. For a wide range of load 
impedance as seen by the amplifier tube in driving the ferrite 
loaded cavity, it is not a convenient way of evaluating the 
amplifier performance; it should be done with help of 
computer simulation technique. Therefore, to facilitate 
computer simulation of the tetrode tube based RF amplifier for 
wide range of impedance loading, a mathematical behavioral 
model of the device TH561 was deduced in closed form as 
expressed vide ref to expression (1-3) and various coefficients 
are determined which completely describe mathematically the 
constant current characteristics of the tube TH561 deployed. 

This behavioral model was implemented on SPICE for circuit 
simulation of RF amplifier for output power of 10kW under 
various output load impedance. Simulation result 
corresponding to cavity impedance 0.6kΩ is shown in fig (2), 
which confirms the test results as shown in fig (1).  
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Fig. 1.   output power V/s input power for cavity load   of 0.6kΩ 

 
Fig. 2.  Simulated results of the amplifier  
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II. PLANAR TRIODE BASED RF CAVITY AMPLIFIER 
SYSTEM FOR IR-FEL 

To meet the requirement of RF pulse power system for 
energizing pre-buncher RF cavity as a part of injector system 
for IR-FEL, a YU176 planer triode based 10 kW, 476MHz, 
pulse RF power system is made and commissioned[1,4]. The 
maximum pulse width of the RF amplifier is 50 µsec and 
repetition rate 50Hz with a required phase and amplitude 
stability as shown in table (1).   

For a low average but high pulse RF power output with a 
requirement of high degree of phase and amplitude stability as 
in this case, a planar triode based RF power amplifier is found 
to be quite suitable, avoiding the requirement of combining a 
large number of lower power solid-state based amplifier 
modules based.  

Design of amplifier RF structure 
 The amplifier assembly mainly consists of input cavity 

assembly, output cavity, RF socket for mounting of the tube, 
output coupler, anode bias assembly and various RF film 
capacitors, for DC blocking, realized using metalized Kapton 
film. 

 
Fig. 3.  RF amplifier mechanical assembly where anode heat sink is outside 
the RF output cavity held at RF ground. 

In construction, output cavity is held between anode and 
control grid of the tube wherein the tube is mounted on lower 
broadside wall of the rectangular waveguide section of height-
‘b’ equal to the spacing between anode and control grid 
contact terminal rings of the tube.  The lower broadside wall 
make the contact with control grid, thereby grounding it for 
DC & AC and also mechanically support the tube; whereas the 
upper broadside wall is connected to anode of the tube with 
help of a RF coupling capacitor realized by 150µm thick 
Kepton film of Ø160mm metalized at both the surface forming 
a low impedance radial lines between anode and ground plane. 
A 15/8” EIA output-port, is mounted on the upper broadside 
wall of the output cavity resonator wherein the center 
conductor of the output port is extended up to the lower 
broadside wall of the output cavity, thus forming a inductive-
post coupler. The distance between the position of the coupler 
and the tube is optimized for the required coupling factor as 
decided by output anode impedance. For this purpose 
provision has been made so that the relative position of the 

output inductive post coupler can be adjusted for the required 
impedance loading at the anode.  
Table 1.  Performance of pulse RF amplifier 

Operating  parameters  value  unit  
Operating frequency  476  MHz  
Max. pulse RF power output  10  kW  
Pulse width  10-50  µsec  
Pulse rep rate  10-50  Hz  
Phase stability  <0.5  Degree  
Amplitude stability  <0.2 %  
Power Gain 14.9 dB 
Efficiency 56 % 

 
Fig. 4.  cavity is over coupled to the output port for β=7.3 

In this configuration anode heat sink is not the part of the 
output RF circuit and is well shielded from the anode RF field, 
therefore it is virtually held at RF ground potential, which 
eliminates the need of having large RFC for biasing the anode.  

 
Fig. 5.  Red pulse represent 10 kW peak RF pulse power for 50μS @ 476 
MHz, Yellow pulse is plate current. 

III. RF POWER COMBINING 

A. Parallel Operation of Planer Triode 
A scheme for parallel operation of planar triode is 

developed which facilitates parallel operation of 36nos of 
planar triode, YU176; thereby all together capable of 
generating more than 150kW of pulse RF power at the design 
frequency of 325MHz.  

The RF model of the RF combining structure is consists 
of a parallel plate radial lines, which is excited by coaxial line 
at its central position. On the periphery side, the radial lines 
are coupled to control grid & anode gaps of the planar triodes, 
which offer the equivalent anode impedance of all the 36 nos. 
of planar triodes being operated in parallel and arranged 
symmetrically around the periphery at a determined radial 
distance. A short section of inductive stub is formed in series 
with the upper radial line as shown in (6), to facilitate 
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impedance matching of parallel equivalent anode impedance 
of all the 36nos planar triode, effectively operated in parallel, 
to the 50Ω impedance of input port connected at the central 
position. Therefore function of anode tuning, impedance 
matching and the power combining is done in this single 
section. In a Similar way a structure for driving cathode& 
control grid gaps of 36 nos. of planar triode by a single coaxial 
input is realized which matches the input circuit of parallel 
operated planer triodes to single driving input port driving it 
symmetrically for power amplification. Both the input and 
output structures are held back to back (6)  to form amplifier 
RF structure facilitating parallel operation of the 36 nos of 
planar triode to deliver combined output through the output 
port(8). 

Main opertating parameter of the tube  for desiging the input 
and output structure facilitating power combining / splitting 
and impedance matching is as follows.  
• Central operating frequency: 325MHz 
• Number of device: 36 Nos 
• Device O/p Impedance:  1800Ω ||4pF 
• Device I/p Impedance:  20Ω||30pF 
• O/p power: 36x5kW 

 
Fig. 6.  Output and  input cavity held back to back driving 36 nos. of planar 

triode. 

 
Fig. 7: RF field simulation results where input  cavity and output cavity is 
excited by 50 ohm ports. 

  
Fig. 8.  matching of input and output ports 

 

B. 36-way cavity combiner at 476MHz  
The RF structure[2] is designed to combine 36 numbers of 

600W(pulse) RF inputs at the operating frequency of 
476±0.5MHz, having in-phase excitation of cavity in E010 
mode by means of post-couplers connected to respective N-
type input ports, fig.(9). For coupling of combined output 
power, probe-coupling is employed by mean of EIA 
15/8”coaxial port so as to handle 20kW pulse RF power. The 
overall combiner structure is consisting of input couplers, RF 
combining shell and the output coupler.  

The combiner structure is consisting of a cylindrical 
cavity; RF post-couplers, 36 nos., connected to N-type input 
ports; and a 15/8˝ EIA coaxial combiner output port & coupler. 
Distinctive feature of this structure is that of inputs which are 
conductively coupled to cavity; providing perfect symmetry 
for in-phase excitation, structural stability for its long term 
performance and that facilitating a large numbers of RF inputs 
to be combined. 

The design strategy consist of first taking a simplified 
approach of microwave networks in determining important 
structural design parameters e.g. radius of the combining 
cavity shell, radial position of the combiner input coupling 
post and output coupling gap[2]; with the dimensions so 
obtained prepare a model for the field simulation; and that 
adjust and optimize the structural parameters for getting 
required performance in terms of its S-parameters.  

 
Fig. 9.  Test set up for measurement of insertion loss of 36 waycombiner and 
splitter conncted back to back. 

 
Fig. 10. Test results of insertion loss with combiner an splitter conncted back 
to back by means of coaxial lines 
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IV. INDUS-2 IOT AMPLIFIER ASSEMBLY AS AN ALTERNATIVE TO 
KLYSTRON AMPLIFIER 

Due to non-availability of replacement Klystron tube in 
Indus-2, an IOT based high power RF amplifier system, as an 
alternative, is realized which is available commercially due to 
its application in DTV broadcast. This is based on E2V make 
80 kW IOTD2130 tube & IMD2000ST circuit assembly.  It 
has inherent advantages over klystron amplifier viz. high 
efficiency (η), less phase and amplitude sensitivity to HV 
ripple, higher linearity, compactness & less cooling 
requirement. This high power IOT amplifier is tested with its 
required control system, cooling system, electron gun 
auxiliary supplies, beam supply & focusing supply. The 
nominal beam voltage for this IOT is -36 kV however 
amplifier was tested successfully with indigenously developed 
-32 kV, crowbar less power supply. The optimum load 
impedance for output RF   cavity was calculated for this beam 
voltage (-32kV) and the coupling coefficient (β) of the output 
coupler to the output cavity was estimated & accordingly loop 
angle was adjusted.  

 
Fig. 11.   IOT based RF power system installed in Indus-2 complex. 

Performance: 
The result shows the successful demonstration of IOT 

amplifier to deliver required power output of 50 kW @ 
505.812 MHz for Indus-2 with -32 kV beam voltage. The wall 
to plug efficiency of amplifier systems is > 50 %. The power 
gain & harmonic distortion of the amplifier at 50 kW is 22.5 
dB & -36 dBc respectively. The total phase change up to 50 
kW power is around 6º .The sensitivity of phase change  to 
change in the beam voltage is  around 2º per kV as against I-2 
klystron which has phase sensitivity to HV ripple around 7º 
per kV. It is more linear, has higher efficiency even at low 
power, more compact and has lesser cooling requirement in 
comparison to klystron amplifier. By testing the amplifier at 
50 kW with -32 kV beam supply, it is verified that this 
amplifier can be operated with lower than nominal beam 
voltage reliably & safely which is not possible in case of 
Klystron. So, this amplifier is found to be a suitable alternate 
to existing klystron amplifier in Indus-2. 

 
Fig. 12.  Measured performance of the IOT amplifier system 

Table 2.  Performance of IOT amplifier 

Conclusion 
With parallel operation of N-numbers of planar triode, at 

device level, it is quite feasible to realize pulse RF power 
system, capable of delivering few 100kW pulse RF power at a 
design frequency in the frequency range of 300-800MHz. At 
UHF and higher frequencies in light source RF power system, 
the klystron can be advantageously replaced by the Inductive 
Output Tube (IOT). SPICE model based on the mathematical 
behavioral model was successfully developed for coaxial 
tetrode. It is helpful in determination of tube amplifier 
performance for wide range of loading that may arise during 
injection, storage and extraction phase of driven ferrite loaded 
cavity of accumulator ring.  
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1. Tested RF Power output 50  kW 
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1-dB Bandwidth 
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6. Protection: Over voltage , Over current, Excess reflected power at 
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Abstract 

 
High power microwave (HPM) sources have been developed for several applications but 
most prominent among them is the nonlethal directed energy weaponry systems. In HPM 
devices the peak power exceeds 100 MW and span the centimeter-and millimeter-wave 
range of frequencies between 1 and 300 GHz. The HPM devices are pulsed in nature and 
the typical pulse width is in the range of few tens to hundreds of nanoseconds (FWHM). As 
compared to conventinal microwave sources that are well known to the vacuum electronics 
community, the HPM sources are driven by high voltage Pulsed Power Sources. BARC has 
indigenously developed several pulsed power souces over the years and also developing 
various HPM devices and characterized using these power sources.  The initial HPM device 
development started with Virtual Cathode Oscillators (Vircators). The Axial, Coaxial and 
Reflex-Triode Vircators are developed in S-Band and C-Band, and the peak power  
achieved was few tens of MW. A diffraction type Relativistic Magnetron (RM) was 
developed and produced 20 MW peak power at 2.6 GHz frequency. Recently a Relativistic 
Backward Wave Oscillator (RBWO) in S band has been developed for microwave plasma 
interaction experiment towards fusion research. The measured peak power of the RBWO 
exceeds 1 GW using a relativistic electron beam of 600 keV beam voltage and 6.5 kA beam 
current at 3.28 GHz frequency  at a guiding magnetic field of 0.6 T. This paper  will present 
an overview of Pulsed Power and HPM sources developed by BARC,  and will highlight 
areas of ongoing  research activity.  
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Abstract 

 
Gyrotrons find applications in thermonuclear fusion reactors, industrial heating, active denial 
systems, medical spectroscopy (DNP-NMR).  At IIT Roorkee, we are working on the analysis and 
complete design of need and application specific gyrotrons. Work on gyrotrons at IITR can be 
categorized in four topics: (a) Design of multifrequency gyrotrons, (b) Modeling of novel interaction 
structures for coaxial cavity gyrotrons, (c) Code development on design of  multi-megawatt of 
coaxial cavity gyrotrons, and (d) Design of some specific gyrotrons.  

 
Complete design for multifrequency 77/154 GHz for large helical devices (LHDs) has been 
completed at IITR and published in [1]. TE15,4 and TE28,8 were the selected mode-pair for operation 
at 77 and 154 GHz, respectively. For RF behavior, an extended cavity, which is comprised of a 
downtaper and mid-section conventional cavity followed by a nonlinear uptaper section, was 
considered. Self-consistent single-mode and time-dependent multimode  calculations were performed 
with a nonuniform magnetic field over the extended cavity section before and after space-charge 
neutralization. From these rigorous calculations 0.5 MW, continuous wave power was obtained for 
chosen mode-pair with efficiency more than 38%. Design of a common input/output (I/O) system for 
this dual regime gyrotron was also undertaken and published in [2]. Final optimization of MIG to 
generate electron beam with proper parameters to support the maximum power transfer was carried 
out using a particle trajectory code ESRAY. A dimpled wall, helical cut launcher was designed to 
convert the complex higher order modes to a simple Gaussian-like beam and has been optimized 
with a commercial software launcher optimization tool. A triple frequency gyrotron at frequencies 
220, 247.5, and 275 GHz has also been designed and the results are published in [3]. This type of 
gyrotron is required for the localized and intense heating of magnetically confined plasmas (i.e., 
electron cyclotron heating and current drive) for future fusion reactors. TE39,14 / TE43,16 / TE47,18 were 
selected as the mode pairs. Typical cold cavity (beam absent) and single-mode (beam present) 
calculations were performed and presented with extended interaction structure (including an 
optimized nonlinear taper section). A triode type configuration was adopted for magnetron injection 
gun to produce the electron beam with desired characteristics as required for RF behavior. Time-
dependent multimode calculations were presented with nonuniform magnetic field and beam 
parameters optimized by gun simulations and affirmed proper working of the design with ≈1-MW 
continuous power for chosen mode triplet and efficiency ≈35%. 
 
Coaxial cavity with triangular corrugations on the insert using SIM was analyzed and published in 
[4]. Surface Impedance Method has been used to analyze the structure. The advantage of triangular 
corrugations is that it gives low losses without causing the problem of localized heating at the base of 
the slot. Expression for quality factors and wall losses for structure was also analyzed and derived.  
To give a broader aspect to the analysis and extend the application of the structure for higher order 
modes, where homogeneity principle is not satisfied, full wave analysis of coaxial cavity with 
triangular corrugations on the insert was also done and published in [5]. The inside of gyrotron 
cavity should a perfect vacuum, but this is not possible. There is always slight gas left inside cavity 
which leads to the creation of plasma. Plasma in the presence of magnetic field acts as anisotropic 
media. This anisotropy leads to coupling of the desired mode and the cyclotron mode. This analysis 
was done using SIM and full wave for coaxial cavity and published in [6], [7]. 
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Electron beam interaction inside this new design needs to calculated so that it can be implemented 
and physically realized. Completed Self consistent code for coaxial cavity with triangular 
corrugations has been developed at IITR. For more flexibility, codes have been developed in two 
working environments – RedHat Linux and Matlab. RedHat Linux offers better speed and Matlab 
offers better debugging tools and hence both and necessary for code development. These codes are 
also being incorporated in Gyrotron Design Suite for coaxial cavity gyrotrons. 
  
Complete design of  95 GHz, 100 kW gyrotron has also been completed at IITR. These gyrotrons 
find applications in Active Denial Systems. For the chosen TE6,2 mode, extensive RF-behavioral 
aspects this gyrotron have been completed. Efforts have been made to increase the power-efficiency 
with a moderate to low voltage operation. The results suggest that it will very much feasible to obtain 
power in excess of 110 kW at 95 GHz with an efficiency above 44%. 
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Abstract 

The transmitter is typically one of the largest, heaviest and most costly portions of a radar system. 

The selection of microwave tube is very vital and critical for the radar system design. Klystrons, TWTs, 

CFAs and magnetrons are the common microwave VEDs found in Radar transmitters. The performance 

and reliability of a radar transmitter is directly dependent upon the performance and protection capability 

of its power conditioning and switching components. Two major power subsystems in a radar transmitter 

are the high voltage power supply and the pulse modulator. A well-designed subsystem maximizes radar 

mission availability by increasing tube life preventing collateral damage, and delivering cost-efficiency 

over the life of the radar. Technology advances in switching power supplies and solid-state switch 

modules offer “appropriate technology” for modern radar transmitters. Modern switching HVPS can 

provide the performance required for radar at reduced size and weight, and at very high efficiency. 

Because of their high frequency operation, these power supplies are capable of providing very accurate 

voltage regulation into dynamic loads with very low ripple and low stored energy. The RF performance of 

the radar transmitter is highly dependent on the pulse to pulse regulation of bias voltages which is the 

challenging part. A coordinated operation of highly efficient integrated HVPS and pulse modulator results 

in precise pulse regulation needed for precision phase and amplitude performance in radar transmitter.  

In LRDE we have realized a high performance TWT based transmitter for 3D Surveillance radars 

viz Rohini, Revathi, 3D TCR. The transmitter is developed in S Band with peak power of 120kW and RF 

duty of 3.2%. Transmitter can be subdivided into four basic modules: HV Power supply, Modulator, 

Control and protection unit and microwave unit consisting of TWT and waveguide sections. The 

transmitter was designed to achieve stable operation having spectrum purity of -60dBc/Hz at 100 Hz 

away from the carrier while delivering 120 kW (min) of peak power and 4 kW of average power across 

the bandwidth of 400MHz at S-Band. These requirements translates into High Voltage Power Supply 

(HVPS) design, i.e., Cathode Power Supply -46 kVDC, 6.0 kW and Collector power supply 33 kVDC, 20 

kW with stringent pulse to pulse regulation of the order of 0.006% under adverse environmental 

conditions. The technology for development of Vacuum Electron Devices (VED) based Radar 

transmitters has been successfully established using state of the art Power Conversion and modulation 

techniques for realizing Transmitter across various radar programmes. With the established technologies 

and modular design, a high power high duty (5%) C Band Radar Transmitter, Ku Band Compact 

Airborne Transmitter and Ka Band Transmitter for Fire control Radar have been realized successfully.  
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Pulse Step Modulation (PSM) based High Voltage Power Supplies (HVPSs) are widely used in 
applications viz. Broadcast transmitters, Particle accelerators and Neutral Beam Injectors because of 
inherent advantages of modular structure, high accuracy and efficiency, low ripple and fast dynamics. 
Typical IC RF system composed of cascaded connection of Driver stage (130 kW RF output) and End 
stage (1500 kW RF Output) would need two power supplies. A novel concept of tapping two outputs 
from single PSM based HVPS is attempted for the first time. PSM based 3MW HVPS is developed with 
dual output to feed anode voltage of Driver (up to 18kV) and Final Stage (up to 27kV). Controller for the 
HVPS is designed to suit requirements during local operation and remote operation. In Local operation 
mode, protection interlocks with in the HVPS are integrated while remote mode has additional interlocks 
from IC RF Amplifiers system. Field integration of the Controller is achieved through Fiber optical links 
to avoid EM interferences. Presentation covers initial experience of dual output HVPS with IC RF 
amplifiers, pre-integration validation campaigns including qualification for energy limits. Performance of 
HVPS at full rated capacity of 2800kW continuous duty to support 1.5 MW IC RF system is also 
discussed. 
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Abstract—This paper presents the particle in cell (PIC) 

simulation of pulsed power and frequency tunable S-band 

magnetron. The output performance of a 12 hole and slot type 

cavity magnetron with double ring type strapping has been 

benchmarked using CST particle studio. A capacitive type tuning 

mechanism is included in the magnetron simulation model to 

examine the frequency tuning range.  The RF output power and 

current is found 3.25 MW and 117 A respectively at beam voltage 

50 kV, when the external axial magnetic field of 1630 Gauss is 

applied.  The efficiency and operating frequency are found 56% 

and 2.997 GHz respectively.   

Keywords—Magnetron; PIC simulation; CST particle studio; 

Beam wave intraction. 

I.  INTRODUCTION  

Magnetron is a high power, high efficiency and low cost 
microwave vacuum electron device. Since their invention 
during World War II, magnetrons had been used and are still 
being used in variety of industrial, scientific, and medical 
applications. Magnetrons can be operated in pulsed and/or 
continuous wave (CW) mode[1].  

SAMEER has developed S-band medical LINAC (linear 
accelerator). LINAC system requires a high pulse power RF 
source for field to beam energy transfer. Magnetron is the 
most economic and suitable for this work. The design of 
magnetron is very difficult due to its complex resonant 
structure. Now these days some powerful commercial 
software like CST, MAGIC, HFSS, VORPAL are available 
for the electromagnetic, PIC, and thermal  simulation of 
magnetron[2-3]. These softwars are very helpful for fast and 
accurate design of magnetron and other microwave tubes.  

Fig. 1 shows the cut view of 3D simulation model of 
magnetron. The anode structure have 12 coupled cavities with 
ring type double straps. The output power of magnetron has 
been coupled by  using double loops. The major dimensions of 
this magnetron has been given in table I. 

TABLE I: Parameters of 3 MW pulsed power  magnetron 
 

Parameter Symbol Unit  Value  

Anode radius ra mm 17.75  

Cathode radius rc mm 9.8 

Cavity length lc mm 46 

Hole radius rh mm 3.05 

Slot width t mm  3.1 

 

FIG.1: 3D simulation model of  magnetron  
 

II. ELECTROMAGNETIC SIMULATION OF MAGNETRON 

CST microwave studio is a fully featured software package 
for electromagnetic analysis and design in the high frequency 
range. The eigen mode solver of CST microwave studio has 
been used to find out the π mode frequency of magnetron. Fig 
2 shows the electric field vector plot of π-mode. 

 

 

FIG.2: Electric field vector plot for π- mode for complete 

magnetron model 

 
The resonance frequency of the π- mode is found 3.002 

GHz. The frequency domain solver is used to examine the 
frequency tuning range of this magnetron. Fig 3 shows the 
resonance spectrums of magnetron for different gap size 
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between tuner post and tuner piston. The 15 MHz frequency 
tuning range is found for 2.0 mm gap change between tuner 
post and tuner piston.    

 
FIG.3: Resonance spectrum of magnetron for different tuner 

piston position 
 

III. PIC SIMULATION OF MAGNETRON 

PIC simulation helps to simulate the output performance 

of the magnetron by simulating the interaction behavior of the 

RF circuit with the electron beam[4]. PIC simulation of 12 

cavity hole and slot type magnetron with double ring type 

strapping, output window, and output coupler has been carried 

out by using CST particle to estimate the output power, anode 

current, frequency, and efficiency. The operating voltage and  

magnetic field are  50 kV and 1630 Gauss respectively. The π-

mode operating point has been obtained by Hull cut off (1) 

and Buneman-Hartree (2) equations [5]. 
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Anode voltage is applied in the CST-Particle studio by using 

discrete voltage port between the cathode and anode. The 

electrons emitted from the cathode surface are governed by a 

space-charge-limited emission process and then accelerated by 

the applied electric field. The DC electron emission model is 

used for this simulation.  

PIC simulation results are given in Figs.4 (a-b). Figs. 4 (a) and 

(b) show the electron bunch formation and output power. The 

output power, current and overall efficiency are found 3.25 

MW, 117 A and 56% respectively. The power spectrum 

density plot of output signal is given in Fig.5. The hot π-mode 

frequency of magnetron is found 2.997 GHz.  

 
(a) 

 
(b) 

Fig. 4:  (a) Electron bunch formation, (b) Output power signal 

at output port 

 

 

Fig. 5:  Power spectrum density curve of output signal 
 

IV. CONCLUSION 

The performance of the pulsed power frequency tunable 

strapped magnetron was benchmarked using PIC solver of 

CST particle studio to analyze the interaction physics and 

nonlinear dynamics. The output power and anode current are 

found 3.25 MW and 117 A for 50 kV anode voltage. The 

calculated efficiency of this magnetron is 56%.   
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Abstract 
 
 

 
Several magnet measurement systems have been developed at IDDL, DAVV, Indore to characterize 
undulator magnets for synchrotron radiation and free electron laser applications.  
The Hall Probe method is used for point by point field mapping and field integral analysis. A pulsed 
wire system[1] has been developed for measurement of field integrals and field mapping. A stretched 
wire[2] magnetic measurement bench is being in use for precision and accuracy in field integral 
measurements. In addition several insertion device technologies have been developed and 
implemented for insertion device design and fabrication. The laser micrometer[3] is used for precise 
magnet size measurements to develop precise and uniform undulator periods. A straightness 
interferometer setup is being implemented along the length of the undulators. The positions of the 
magnet blocks relative to each other will be determined with a precision 0.1mm. 
 
Using the above technologies hybrid undulators[4], pure permanent magnet undulators, Harmonic 
undulators have been designed, fabricated and measured.  Cryogenic permanent magnet undulator 
and superconducting undulators[5] and too proposed. In this paper we discuss an overview of all our 
exiting magnetic measurement system facilities and associated undulator development technologies.  
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Abstract— This paper presents thermal and structural 

simulation results of various nitrides namely silicon nitride 

(Si3N4), Boron Nitride (BN) and Aluminium Nitride (AlN), to 

compare these materials with CVD diamond and Beryllia as a 

single-disc edge-cooled RF window for transmitting 1MW CW 

power at 170 GHz. In this study the suitability of materials has 

been investigated and analyzed by thermal and structural 

simulation for Gaussian power distribution using ANSYS Multi-

physics. It is well known that CVD diamond is the best material 

for high power window application and same is found in this 

investigation. As an alternate it is also found that thermally 

Beryllia and structurally Silicon Nitride is the next best material, 

to be used for 1MW 170GHz Gaussian beam transmission in long 

pulse mode. 

 
 

Keywords—CVD Diamond, Nitrides, Beryllia, RF Window,     

ANSYS Multi-physics, Thermal Simulation, Structural 

Simulation, High power, Gaussian beam transmission. 

I.  INTRODUCTION 

High power microwave vacuum electron devices 
like Gyrotron, other gyro-devices and electron 
cyclotron resonance heating systems require RF 
windows, which act as a pressure barrier being 
essentially transparent to intense millimeter wave 
radiation. These windows should be capable of 
handling MW level CW power with Gaussian 
distribution at frequencies of 100GHz and beyond. 

CW power levels of 250kW at 140GHz have 
been realized [1]. Using oxides, mainly, Sapphire as 
material and liquid nitrogen as coolant, 
cryogenically cooled windows have been found to 
reach up to maximum power level of about 500kW 
CW at or around 150GHz [2]. Windows made of 
Beryllia have been used successfully for over 
250kW at X-band [3]. Multi-layered windows has 
been used for broadband applications [4-5]. Other 
schemes of broad banding for gyro-devices have 
also been employed [6]. However, for simplicity of 
use the single disc edge-cooled windows are 
preferred. It is already a known fact that dielectric 
heating increases proportionately with frequency, 
and CVD diamond is the most favorable material 
for transmitting power more than 1 MW CW at 
frequencies 100GHz and beyond [7-9]. Despite of 
the numerous advantages of diamond it is very 
costly and hence an alternate material is required. 

So thermal & structural simulation and theoretical 
investigation and analysis for Gaussian power 
distribution using ANSYS Multi-physics has been 
carried out on nitrides; Si3N4, BN and AlN to find 
how these materials could be compared with CVD 
Diamond and Beryllia as single-disc edge-cooled 
window for transmitting 1MW CW power at 170 
GHz. Single disc BN windows have been reported 
in use for 110 GHz Gyrotron for few seconds [9-
11]. Si3N4 composite has been investigated earlier 
for its use in industrial Gyrotrons [12]. 

II. DESIGN 

The two types of simulation and analysis of the RF 
window are discussed below: 

A. Thermal Analysis 

The thermal simulation has been done to 
compute the temperature distribution in the ceramic 
discs caused by absorbed Gaussian power due to 
dielectric loss and distributed on the disc as given in 
equation (1) [7]. 

       Pa(r) =
2

πw2
e

−2(
r2

w2)
∗ P ∗ Ad               (1) 

where Pa(r) is absorbed power density at 
position r in the disc, Ad is absorption coefficient. 
The absorption coefficient is calculated using 
equation (2).  

              𝐴𝑑 =
2𝜋 ∗ 𝑓 ∗ 𝑡 ∗ 𝑡𝑎𝑛𝛿 ∗ є𝑟

𝑐
           (2) 

where 𝑓, 𝑡, 𝑡𝑎𝑛𝛿, є𝑟 and 𝑐 are frequency, disc 
thickness, loss tangent of dielectric material, 
dielectric constant, and velocity of light 
respectively.  

B. Structural Analysis 

The structural simulation has been done to 
determine the stress and displacement in window 
disc caused by heat loads, i.e., temperature 
distribution due to electromagnetic heating by 
Gaussian beam. The stress analysis of RF window 
has been performed on the disc. In a ceramic 
window, it is not so much the peak temperature 
itself which causes a problem, but rather the thermal 
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stress associated with thermal gradients. The stress 
in the window is the combination of thermal loading 
of temperature gradients and the mechanical loading 
because of pressurization and cooling. 

III. SIMULATION RESULTS AND DISCUSSIONS 

Transient solver of ANSYS has been used to 
determine the temperature distribution. The 
simulation has been carried out considering 
perfectly edge cooled disc insulated on its two faces 
and cooled at its edge only. The input parameters 
are material property, heat flux, and bulk 
temperature. Parameters for thermal simulation of 
window materials are given in table I. Input 
material properties used are listed in the internal 
reports at MWT/CSIR-CEERI/Pilani/Rajasthan. 

TABLE I. Parameters for Thermal Simulation 

Parameters Value 

Power (P) 1 MW 

Frequency (f) 170GHz 

Half power beam 

width (w) 

60mm (Nitrides & Beryllia) 

20mm (CVD Diamond) 

Heat transfer 

coefficient (αc) 

10000 W/m2K 

Initial Temperature 

(T0) 

300 K 

Pulse duration (tp) 2s 

Aperture diameter 

(DA) 

125mm (Nitrides & Beryllia) 

80mm (CVD diamond) 

Disc diameter (DD) 133mm (Nitrides & beryllia) 

88mm  (CVD diamond) 

Rim  0mm 

Waveguide wall 

thickness (tw) 

4mm 

Disc thickness (t) tAlN = 2.1mm, tBeO = 2.07mm, 

tBN = 2.03mm, and 

tSi3N4=2.19mm, tCVDdiamond = 

1.85mm 

 

Fig.1. Simulation model of window for assigning   
Gaussian beam power absorbed in the discs. 

For the thermal simulation, dielectric disc is divided 
in several numbers of rings (Fig.1) and each ring 
assigned a power density to give input Gaussian 
distribution of power density as a function of radius. 

A. Thermal Analysis  

The written macros and power density distribution 
has been crossed checked using the results given in 
[7]. It was seen that the simulation results (Tmax 
=1124 K and Tmin=308 K) for BN agreed very well 
with that reported in [10-11]. Then the temperature 
distribution for 2s heating of AlN, Beryllia, BN and 
Si3N4 respectively was computed and is shown in 
Fig.2 (a-d). 

 

 

Maximum (Tmax) & minimum (Tmin) temperature 
obtained through this simulation is 861K & 323K, 
650K & 320K, 1910K & 319K, 675K & 304K in the 
same order. Now these maximum temperatures 
obtained are compared to the melting/softening point 
of respective materials to know whether the 
materials can withstand this temperature or not. It is 
found that all the four materials can tolerate these  
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Fig. 2. Nodal temperature (K) distribution for (a) 

AlN (b) Beryllia (c) BN (d) Si3N4. 

temperatures as their melting point is well above 
these values. The calculated ΔT found is 538K, 
330K, 1591K, and 371K for AlN, Beryllia, BN and 
Si3N4 respectively. The higher the k/( εr tanδ) for a 
given material lower will be the temperature rise. 
Beryllia scores the maximum among the four 
discussed here and hence results in lowest 
temperature rise/ΔT. On this count it is next only to 
CVD diamond and Si3N4 is next to Beryllia. Fig.3(a 
& b) show radial temperature distribution on the 
discs due to the absorption of the Gaussian beam. 
Fig.3(c) shows the transient behavior of the heating 
for a period of 2 seconds. It is found that except for 
CVD diamond steady state is not reached for other 
materials.   

B. Structural Analysis  

The temperature rise obtained for Beryllia and 
nitrides are very high. Though they can withstand 
these temperatures and even higher without melting,  

 

 
Fig. 3. Radial distribution of temperature for (a) 

CVD diamond, (b) AlN, BeO, BN and Si3N4 (c) 

Time evolution of Tmax (centre of the disc). 

 
their suitability can be ascertained only after 
estimating the thermal and mechanical stresses. In 
the ANSYS software thermal analysis file is 
transformed into structural analysis, as the 
temperature profile is used as an input for stress 
analysis. Pressurization (2 atm or more) is also 
taken as input data for showing differential pressure 
between air and vacuum sides of the window disc. 
Fig. 4(a) shows the stress intensity in beryllia and 
nitrides discs due to pressure differential of 2 atm. It 
is seen that stress intensity starts at the center of the 
disc reduces to a minimum at r = 40mm and then 
again rises to reach a maximum at r = RA. The 
lowest stress profile is obtained for BN. It is 
attributed to the low values of young’s modulus and 
linear expansion coefficient. The maximum average 
stress intensities calculated for BN, Si3N4, AlN, 
Beryllia are 400.24, 493.78, 674.79, 534.54 MPa. 
CVD diamond has yielded lowest stress (155MPa) 
developed and its slope is also smoothest. Si3N4 
with bending strength of 800MPa is the clear 
winner wheras BN has bending strength of 80MPa. 
Also, the softening temperature of BN is higher 
than Si3N4. In fig.4(d) shows the displacement in 
the waveguide for Si3N4 is 0.852*10-5 mm. 
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Fig. 4. Radial Stress intensity distribution for (a) 

Pressurization of 2 atm (b) Temperature from 

thermal simulation (c) Combined (pressurization 

and thermal loading) Stress Profile.  
 

Displacement in material atoms is induced because 
of tensile effect of stress but is very small or 
negligible deformation to count. An increase in  
window disc thickness can reduce mechanical stress 
but would result in increase in temperature rise/ΔT 
off-setting the improvement in stress performance. 

IV. CONCLUSION 

The suitability of materials is performed through 
thermal and structural simulation. CVD diamond is 
the best known material for high power window 

applications and same is found in this investigation. 
Also, it is found that Beryllia is the next best 
material through thermal simulation and Si3N4 is the 
next best. Si3N4 is the best material than BN 
through structural simulation. Structural simulation 
results are preliminary. Further detailed study on 
modelling of stress aspects of QOWs is required to 
optimize disc dimensions for enhancing their power 
handling capacities.  
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Abstract—Two different types of slow-wave structures (SWS) 

are analyzed for a 0.22-THz, 100W TWT: one is folded-

waveguide SWS (FW-SWS) with cylindrical electron beam 

and another is planar staggered double-vane loaded 

rectangular waveguide SWS (SDV-SWS) with sheet electron 

beam. The initial parameters of the RF structures were 

achieved using analytical approach for an electron beam of 

voltage 20kV and current 100mA for 100W output power over 

bandwidth more than 40GHz. It has been found that the SDV-

SWS with sheet beam has higher bandwidth, higher 

impedance, higher gain per unit length, lower circuit loss and 

easier in fabrication in comparison to that of the FW-SWS. 

0.22-THz 100W broadband high efficiency TWT amplifier is 

being designed for ultra-broadband, ultra-high speed data rate 

wireless communication and high precision medical imaging. 

 
Keywords— Planar TWT, THz TWT, Slow-wave structure, 

Folded-waveguide SWS, Planar double-vane SWS, Sheet beam, 

Vacuum microelectronic devices. 

 

 

I.  INTRODUCTION 

 

 THz waves of frequencies 0.1THz to 10THz are highly 

demanding for communication, safety, defense, remote 

sensing, astronomy and spectroscopy due to their unique 

properties such as the effective penetration through fabric and 

fog and molecular resonances that occur in this frequency 

band. THz waves could enable concealed weapons detection in 

the tens of meters range, and could provide secure wireless 

communication of speed up to more 1Tera-bits/sec. THz waves 

provide extremely high resolution images and are non-ionizing 

radiation with reduced health risks. THz imaging is highly 

promising for medical diagnosis like skin cancer and tooth 

decay. New types of medical imaging could exploit the ability 

of high resolution THz waves to pass through opaque materials 

and provide substance-specific absorption spectra.  

 

Because of the numerous applications of THz waves 

almost in all sectors, there is an urgent need of developing 

compact and efficient high power radiation sources and 

amplifiers for THz waves.  Vacuum electron beam devices 

have inherent advantages over solid-state devices in terms of 

higher output power, lower response time and higher 

efficiency due to electron beam movement in vacuum. 

Different types of vacuum electronic devices of high 

reliability, wide bandwidth, high power, and compact size are 

being investigated for many THz applications. Vacuum 

electronic devices like TWT, BWO and klystron may 

amplify/generate output power in tens of watts at such high 

frequencies [1-4]. TWT is preferred as a high power THz 

amplifier particularly for ultra-broadband communication and 

high resolution imaging due to its high beam-wave energy 

conversion efficiency over wide bandwidth and large thermal 

capacity. TWT has amplified output power in tens of watts at 

such high frequencies. Klystron is preferred for high power 

THz radar. A backward wave oscillator (BWO) is commonly 

used as a THz source because it is relatively easy to fabricate. 

It is a single port device and it generates output power by 

converting kinetic energy from an electron beam to the e.m. 

wave. The e.m. wave in a BWO travels along the RF slow-

wave structure (SWS) in the opposite direction relative to the 

electron beam, whereas, in a TWT the e.m. wave travels in the 

same direction as the electron beam. 

 

 Vacuum electron beam devices at such high frequencies 

above 0.1THz have RF components of very small in 

dimension, and it is very difficult to fabricate vacuum devices 

with conventional tube technologies. Even micro-machining of 

vacuum electronic components with the necessary micron-scale 

precision and nano-scale surface finish has proven to be 

extremely difficult and very expensive. Micro-fabrication 

technologies like DRIE, UV-LIGA or X-ray Lithography are 

used for fabrication of RF structure [5-8]. Also, in place of 

conventional thermionic dispenser cathodes, cold cathodes like 

field-emitter arrays [9] and carbon nano tubes (CNT) [10], or 

high current density nano composite Scandium-tungsten based 

thermionic cathodes [11] are used in THz vacuum devices. 

Successful development of THz vacuum devices therefore 

needs fusion of tube technology with micro and nano 

fabrication techniques. Compact vacuum tube devices are 

being investigated globally for efficient high power generation 
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and amplification of THz frequencies from 0.1THz to 1THz.

Development activities addressed to 0.22-THz frequency band 

is of significant importance for medical imaging and 

communication because of the available 

spectral window of 0.20THz to 0.30THz.  

 

 

II. 0.22 THZ TWT AMPLIFIER

 

 Terahertz TWT amplifier of centre frequency 0.22

100W output power, 30dB gain, 10% bea

more than 40GHz bandwidth is being investigated for ultra

broadband high data rate wireless communication. Two types 

of RF slow-wave structures: one folded-waveguide SWS 

14] and another staggered double-vane loaded rectangular 

waveguide SWS [15-17] are analyzed in terms of circuit 

bandwidth, interaction impedance, circuit loss and ease in 

fabrication. Analytical methods are developed

determine initial parameters of the FW-SWS 

[18] and the SDV-SWS as described in [19

developed analytical methods are used to determine initial 

design parameters of the RF structure for the 0.22

using electron beam of voltage 20kV.  

 

A. Folded-waveguide slow-wave structure(FW

 

 For a THz-TWT and BWO with cylindrical 

folded-waveguide slow-wave structure as shown in Fig.1

used because of its wide bandwidth and

impedance characteristics. This structure has backward 

fundamental structure, and the beam line is 

with the first forward fundamental wave space harmonic

RF wave amplification. Dispersion and 

characteristics of the FW-SWS are determined for the 

fundamental forward space harmonic (n=0) of 

π to 2π, where βp is phase shift per pitch and 

propagation constant.  

 

Fig.1. Folded-waveguide SWS with cylindrical beam hole

 

 

 Fig.2 shows schematic diagram of a unit cell of the FW

SWS. Dimension of a unit cell of the FW-SWS 

TWT, given in Table-I, are determined usi

described by the authors in [18]. The dimensions are 

determined for synchronization of the relativistic 

of beam voltage 20kV with the first forward space harmonic 

(n=0) of βp varying from π to 2π. The lower cut

of the FW-SWS is decided by the broad wall di

the structure. 

THz frequencies from 0.1THz to 1THz. 

THz frequency band 

nificant importance for medical imaging and 

communication because of the available wide atmospheric 

AMPLIFIER 

Terahertz TWT amplifier of centre frequency 0.22-THz, 

% beam efficiency and 

0GHz bandwidth is being investigated for ultra-

broadband high data rate wireless communication. Two types 

waveguide SWS [12-

loaded rectangular 

are analyzed in terms of circuit 

bandwidth, interaction impedance, circuit loss and ease in 

eveloped indigenously to 

SWS as described in 

SWS as described in [19]. These in-house 

developed analytical methods are used to determine initial 

for the 0.22-THz TWT 

(FW-SWS) 

with cylindrical electron beam, 

as shown in Fig.1 is 

because of its wide bandwidth and high interaction 

This structure has backward 

is made to intersect 

space harmonic for 

ispersion and impedance 

determined for the first 

fundamental forward space harmonic (n=0) of βp varying from 

p is phase shift per pitch and β is axial 

 
with cylindrical beam hole 

shows schematic diagram of a unit cell of the FW-

SWS for a 0.22-THz 

determined using the approach 

The dimensions are 

the relativistic electron beam 

forward space harmonic 

The lower cut-off frequency 

wall dimension (a) of 

 

Fig.2. Unit cell of FW-SWS

Table I: Dimension of 

for 0.22
Parameters 

Period, p 

Beam Tunnel radius, r 

Broad wall Dimension, a 

Narrow Wall Dimension, b 

Straight Height, h 

 

B. Planar staggered double-vane 

 

 Planar RF slow-wave structure 

TWT because planar structure 

technology with high accuracy and surface finish. 

2D and 3D views of a half-period staggered double vane 

rectangular waveguide SWS with 

structure is compatible with the sheet beam and 

bandwidth and high impedance

amplification. In place of round beam, sheet beam technology is 

preferred at THz frequencies because of higher beam current 

capacity of sheet beam as compared to round beam due to 

comparatively very small space charge force

current. Sheet beam technology, t

efficiency over conventional cylindrical beam with added 

advantages of significant reduction of size and mass and 

operating beam voltage.  

 

Fig. 3.  Vane-loaded waveguide SWS for THz TWT

 

 Fig.4 shows schematic diagram of a unit cell of the 

SWS. Dimensions of a unit cell of the vane

0.22THz TWT, given in Table

approach described by the author

 
SWS with cylindrical beam hole 

 

of a unit cell of FW-SWS  

0.22-THz TWT 
(in µm) 

250 

100 

850 

150 

250 

 

vane SWS (SDV-SWS) 

wave structure is preferred for a 0.22-THz 

planar structure is easier to fabricate using MEMS 

technology with high accuracy and surface finish. Fig. 3 shows 

period staggered double vane arrays 

rectangular waveguide SWS with rectangular sheet beam. The 

structure is compatible with the sheet beam and it has broad 

bandwidth and high impedance for efficient high power 

In place of round beam, sheet beam technology is 

preferred at THz frequencies because of higher beam current 

heet beam as compared to round beam due to 

very small space charge force for same beam 

technology, therefore, provides much higher 

efficiency over conventional cylindrical beam with added 

advantages of significant reduction of size and mass and 

 
loaded waveguide SWS for THz TWT 

shows schematic diagram of a unit cell of the SDV-

ensions of a unit cell of the vane-loaded SWS for a 

given in Table-II, are determined using the 

approach described by the authors in [19].  The dimensions are 

2D 

3D 
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determined for synchronization of the relativistic 

of beam voltage 20kV with the first space harmonic (n=1

βp varying from 2π to 3π. 

 

Fig. 4. Unit cell of a staggered double-vane SW

 

 
TABLE II. Dimension of a unit cell of planer SWS

Parameters 

Period, d 

Beam Tunnel height, b 

bean tunnel width (waveguide width), h 

Total height (waveguide height), H 

Vane height, L 

Vane thickness (d-a) 

 

 This is a forward fundamental (n=0) structure. Beam line is 

made to intersect in the first forward space harmonic (n=

for amplification and first backward space harmonic (n=

oscillation. The characteristics of the SDV

determined for the first forward space harmonic (n=1) of the 

fundamental mode with βp varying from 2π

harmonic is chosen for reduced voltage operation for same size 

of the structure. In SDV-SWS, the lower end frequency of the 

structure (at phase shift 2π) corresponds to the cut

frequency of the dominant mode TE10 of the rectangular 

waveguide of width (w). The upper cut-off frequency of the 

pass band characteristic of mode 1 at phase shift 3

by the resonant frequency of unit cell of the s

as, by the cut-off frequency of the higher mode TE11 of the 

rectangular waveguide. 

 

 Half-period staggering in the vane

provides the widest possible bandwidth of the structure and 

high interaction field for high gain and high efficiency. 

observed using simulation as given in the next section, that t

π phase shift between the two TE mode vane arrays effectively 

constitutes a wide passband structure with symmetri

fields. This field interacts constructively with the electron 

beam and provides high interaction impedance

wide bandwidth and high impedance, staggered double

structure is used. On the other hand, non-staggered structure

has an out-of-phase axial electric field variation along 

transverse direction (anti-symmetric) in a unit cell

to non-synchronous interaction of the electron beam with the 

RF wave.  

the relativistic electron beam 

space harmonic (n=1) of 

 
vane SWS 

Dimension of a unit cell of planer SWS  

(in µm) 

460 

150 

770 

690 

270 

115 

This is a forward fundamental (n=0) structure. Beam line is 

space harmonic (n=+1), 

ward space harmonic (n=-1) for 

The characteristics of the SDV-SWS are 

forward space harmonic (n=1) of the 

p varying from 2π to 3π. 1st space 

harmonic is chosen for reduced voltage operation for same size 

he lower end frequency of the 

corresponds to the cut-off 

frequency of the dominant mode TE10 of the rectangular 

off frequency of the 

se shift 3π is decided 

by the resonant frequency of unit cell of the structure, as well 

higher mode TE11 of the 

ing in the vane-loaded structure 

possible bandwidth of the structure and 

high interaction field for high gain and high efficiency. It is 

rved using simulation as given in the next section, that the 

 phase shift between the two TE mode vane arrays effectively 

constitutes a wide passband structure with symmetric axial 

. This field interacts constructively with the electron 

and provides high interaction impedance. Because of 

wide bandwidth and high impedance, staggered double-vane 

staggered structure 

phase axial electric field variation along 

symmetric) in a unit cell. This leads 

synchronous interaction of the electron beam with the 

C. Comparison of FW-SWS and planar SDV

 

 The design parameters determined analytically are used for 

simulating the structures using CST MWS 3

simulator [20]. Dispersion and impedance characteristics of the 

FW-SWS are determined for the 

space harmonic (n=0) with βp varying from 

characteristics of the SDV-SWS are determined for the 

forward space harmonic (n=1) of the fundamental mode with 

βp varying from 2π to 3π.  It is observed that the dispersion 

characteristics as simulated by CST

with the analytically determined values in both cases of the 

FW-SWS and the SDV-SWS.  

 

 The SDV-SWS has comparable cold bandwidth but higher 

interaction impedance than that of the FW

bandwidth of a 0.22-THz TWTA is more with the SDV

using electron beam of voltage 20kV and current 100mA. This 

is because of less dispersive characteristic of the SDV

comparison of the FW-SWS. Also, the SDV

matched with the input and the output waveguide couplers over 

a wider bandwidth because of flatter impedance characteristic. 

It is also, easier to introduce in

(sever) and velocity taper in the SDV

bandwidth >25% at centre frequency of 0.22THz, power

bandwidth product >1000W-GHz, and rf efficiency 5%. The 

input/output rf coupler, can be 

broadband THz operation by adjusting the vane size

 

 Another major advantage of using the SDV

structure is inherently compatible for the sheet beam operation. 

Because of a wider sheet beam in case of a TWT with the 

SDV-SWS, it gives advantages of reduced magnetic field for 

beam focusing and higher gain per unit length. The aspect ratio 

(defined as ratio of the depth to the gap) of the SDV

much less compared to that of the FW

easier to fabricate SDV-SWS by UV

CNC process with better accuracy and

leads to the SDV-SWS with less circuit loss and better 

matching. Comparative analysis of FW

for 0.22-THz TWTA is presented

 
TABLE III. Comparison of FW

Characteristic  
High Bandwidth     > 40GHz 

High Interaction impedance > 5ohms

Low Circuit loss  < 0.1dB/mm 

Input/output wide band couplers 

Incorporation of sever and taper  

Gain per unit length 

Uniform field over beam  

Less higher-order modes  

Good Thermal Dissipation 

MEMS fabrication with high precision 

& surface finish. 

 

SWS and planar SDV-SWS  

s determined analytically are used for 

simulating the structures using CST MWS 3-D e.m. field 

]. Dispersion and impedance characteristics of the 

SWS are determined for the first fundamental forward 

p varying from π to 2π, and the 

SWS are determined for the first 

forward space harmonic (n=1) of the fundamental mode with 

It is observed that the dispersion 

characteristics as simulated by CST-MWS matches within 5% 

with the analytically determined values in both cases of the 

 

SWS has comparable cold bandwidth but higher 

interaction impedance than that of the FW-SWS. Also, the hot 

THz TWTA is more with the SDV-SWS 

using electron beam of voltage 20kV and current 100mA. This 

is because of less dispersive characteristic of the SDV-SWS in 

SWS. Also, the SDV-SWS can be 

d the output waveguide couplers over 

a wider bandwidth because of flatter impedance characteristic. 

It is also, easier to introduce in-between circuit attenuation 

(sever) and velocity taper in the SDV-SWS. This structure has 

frequency of 0.22THz, power-

GHz, and rf efficiency 5%. The 

can be easily designed for the 

by adjusting the vane size. 

Another major advantage of using the SDV-SWS is that the 

structure is inherently compatible for the sheet beam operation. 

Because of a wider sheet beam in case of a TWT with the 

SWS, it gives advantages of reduced magnetic field for 

igher gain per unit length. The aspect ratio 

(defined as ratio of the depth to the gap) of the SDV-SWS is 

much less compared to that of the FW-SWS and therefore it is 

SWS by UV-LIGA, DRIE or nano-

CNC process with better accuracy and surface finish. This 

SWS with less circuit loss and better 

matching. Comparative analysis of FW-SWS and SDV-SWS 

presented in Table-III. 

FW-SWS with planer SDV-SWS 

FW-SWS  SDV-SWS  

> 5ohms 
√ 

√ 

√ 

√ 

√ 

√ 

√ 

√ 

√ 

√+  

√+ 

√+ 

√+ 

√ + 

√+ 

√ + 

√+ 

√+ 

MEMS fabrication with high precision √  √+  
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SDV-SWS has all the advantages over the FW-SWS. Also, it 

inherently provides rectangular sheet beam tunnel and has 

flexibility of fabrication for frequencies up to 1THz. 

 

III. CONCLUSION 

 Design of a 0.22THz TWT of 100W output power, 20dB 

gain, 10% efficiency and 40GHz bandwidth is being carried 

out for broadband high speed data communication and 

imaging. Two types of RF structures are critically analyzed: 

one is folded-waveguide SWS with cylindrical electron beam 

and another is planar staggered double-vane loaded 

rectangular waveguide SWS with sheet electron beam. It is 

shown that the SDV-SWS with sheet beam has higher 

bandwidth, higher impedance, higher gain per unit length, 

lower circuit loss and easier in fabrication in comparison to 

that of the FW-SWS. Also, sheet beam has benefit of lower 

space charge field and a large current transport capacity. 

Elliptical sheet beam of voltage 20kV and current 100mA with 

periodic-cusped magnetic field focussing [21] is designed for 

high power 0.22-THz planar TWT. 3D e.m. field simulator 

code CST-PS [20] as well as in-house developed SUNRAY 

codes [22] are being used for design of complete 0.22THz 

TWT with broad band input/output waveguide couplers, well 

matched sever in-between the circuit and phase-velocity taper 

in the output. Rf performance of TWT as simulated by 

SUNRAY code is found comparable with the simulated results 

from the CST code, with the added advantage of very fast 

simulation using SUNRAY code. 

 

 Micro-fabrication technologies are being explored for 

fabrication of planar RF structure with good surface finish 

(roughness less than 100nm) and high precision (tolerance less 

than 10µm).  Since all dimensions for a planar structure of a 

0.22THz TWT are few hundred microns, UV-LIGA process is 

being explored for its fabrication. MEMS and Nano 

technology facilities available at CSIR-CEERI are being 

explored for fabrication of the RF structure and high current 

density nano composite Scandium-tungsten dispenser cathode. 

There is a need for collaborative efforts of taking up this 

challenging task of developing 0.22-THz TWT. 
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Abstract—   In the present work, a three port high power 

circulator is designed and developed for handling peak and 

average powers of  3 MW and  3 kW, respectively operating at 

frequency 3000±5 MHz  for in-house linac activity of SAMEER. 

The simulated return loss, insertion loss and isolation are -40dB, 

0.1 dB and -40 dB, respectively. The circulator block has been 

fabricated using aluminum material to make the system cost 

effective, light weight and also for easy fabrication. The 

experimental testing of the same is in progress.  The electrical 

and thermal design methodology, fabrication aspects etc. are 

described in the paper. 

Keywords—circulator; non reciprocal device; ferrite; high 

power microwave 

I.  INTRODUCTION (HEADING 1) 

A circulator is a passive non-reciprocal three- or four-port 
device [1] &[2], in which a microwave or radio frequency 
signal entering at any port is transmitted to the next port in 
rotation (only). It makes use of nonreciprocal property of 
ferrite [3] when subjected to proper DC magnetic biasing. 
Circulator is very much essential in any high power 
microwave systems like Linear Accelerator (linac) for 
protecting the high power microwave source from reflected 
RF power . The selection of ferrite material is very crucial in 
the design of high power circulator. The material should have 
very low line width value (ΔH) so as to exhibit low magnetic 
loss. Calcium vanadium garnet material having very low line 
width (ΔH≈10Oe) has been chosen for the present design. In 
the present investigation, a 3 port S-band circulator with 
centre frequency 2.998 GHz has been designed using CST 
microwave studio for handling peak and average powers of 3 
MW and 3 kW, respectively.  

II. DESIGN OF 3-PORT CIRCULATOR 

A. 3D modeling of circulator 

The circulator has been modeled on CST microwave 
studio [4]. The port dimension has been kept same as WR284 
waveguide. Two disk shape ferrites have been used which are 
mounted on two triangular bases constructed on top and 
bottom surface of the wave guide block. 3D model has been 
shown in Fig. 1. In order to arrive at T junction from Y 
junction a 30 degree bending has been given in the auxiliary 
arms of the circulator. One metal post is placed near input port 
for impedance matching purpose. Gyrotropic dispersion model 
has been considered for ferrite material.  

 

 

Fig. 1 3D model of the circulator 

B. Simulation and optimisation of the circulator 

High power circulators are generally narrow band device. 

Hence frequency domain analysis has been carried out using 

CST microwave studio. Various parameters of the circulator 

like magnetic field, diameter and thickness of  ferrite,  

impedance matching transformer, dimension and position of 

metal post etc. have been optimized using frequency domain 

analysis of CST Microwave Studio. Goal based optimization 

technique namely Nelder Mead Simplex Algorithm has been 

adopted to optimized various variable mentioned above. The 

various important optimized parameters and return loss, 

insertion loss, and isolation are given in Table 1.  

 TABLE I. 

Parameter Value 

Magnetic field 1860 Gauss 

Ferrite Diameter 32 mm 

Ferrite height 3.6 mm 

Number of ferrite 2 Nos 
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Gap between two ferrites 6.24 mm 

Frequency of operation 2.998 GHz 

Bandwidth 10 MHz approx. (-20 dB) 

Return loss Better than -40 dB  

Insertion loss Better than -0.1 dB  

Isolation loss Better than -40 dB  

 

Frequency Vs S-parameters of the circulator are plotted in Fig. 

1.   

 
Fig.1  S Parameter plot for 3 port circulator 

 

III. MECHANICAL AND THERMAL DESIGN OF 

CIRCULATOR 

Mechanical and thermal design is very crucial for any high 

power microwave devices in order to achieve reliable 

performance by preventing thermal runaway. In a circulator, 

ferrite material is usually responsible for RF loss and 

subsequent heating. Heat dissipation becomes a problem 

because of poor thermal conductivity of ferrite. The optimized 

shape of the ferrite material needs to be conducive to fast heat 

dissipation. Therefore, effort has been made to make the 

ferrite thin while increasing the diameter, so that the generated 

heat dissipates faster as the ferrite disk will be mounted to a 

high conducting metal substrate. Electromagnetic analysis 

shows that bottom side of the ferrite disk which is mounted on 

metal surface will be heated up most due to high power loss 

density at this region as shown in Fig. 2.  

 
Fig. 2  Power loss density profile inside ferrite 

Hence, the cooling circuit has been made accordingly to apply 

a cooling jet for achieving high heat transfer coefficient at the 

region of interest. The cross sectional view of the computer 

aided solid model of circulator is shown in Fig.3 given below:   

 
Fig. 3. Cross sectional 3D view of Circulator. 

The assembled 3D CAD model of circulator is shown in Fig. 

4(a). On the basis of design all parts of circulator i.e. circulator 

block, ferrite disk, ferrite holding tube, magnet and assembly, 

cooling circuit, water adaptors etc. are designed and 

fabricated. Finally the circulator is assembled which is shown 

in Fig. 4(b)  

 
Fig. 4(a) Assembled 3D view of Circulator 

 
Fig. 4(b) Fabricated view of Circulator 
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IV. CONCLUSION 

A 3 port S-band circulator with centre frequency 2.998 GHz 

has been designed and developed for handling peak and 

average power of 3 MW and 3 KW, respectively. The 

simulated return loss, insertion loss and isolation are -40dB, 

0.1 dB and -40 dB, respectively. The circulator block has been 

fabricated in two identical halves using aluminum material. 

The experimental testing of the same is in progress. Through 

experimental testing, modification and optimizations are to be 

done for successful development of 3-port MW circulators. 
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Abstract 
 
 
An experimental set-up has been made to develop a calibration facility for transient 
electromagnetic field measurements up to 1 GHz using a strip line.   A Transverse 
Electromagnetic (TEM) cell is also strip line based system, consists of a central electrode 
called septum and two outer grounded electrodes. TEM cell is known for its versatile 
characteristics, allowing propagation of high frequency plane electromagnetic wave inside, 
similar to free space propagation.  Dimensions of the TEM cell are optimized based on 
desired 50 Ω characteristic impedance for usable frequency range. This two ports cell is 
tapered from both ends to achieve 50 Ω impedance to connect it coaxially and the center part 
has the grounded conducting plates uniformly separated from the septum.  It is easy to 
estimate the transient electromagnetic field generated in the central regime, which is almost 
uniform over the desired frequency range. The generated TEM wave has proper shielding, 
uniform electromagnetic field at the center with 377 Ω wave impedance up to 1 GHz 
operation. The performance of the cell has been tested using VNA and TDR method. 
Preliminary test results have shown acceptable optimization for desired frequency range and 
detailed analysis will be shown during the poster session.  
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Abstract—This paper presents a simulation of coaxial TEM-to-
TM01 mode conversion in circular waveguide. The proposed 
mode converter is used for low power calibration of an antenna. 
The simulation is carried out by using CST microwave studio 
solver. Propagation of second dominant mode (TM01) while 
blocking first dominant mode (TE11) and attenuating all other 
higher modes in waveguide is discussed here by simulated results. 
The configuration of feeding probe which results in better return 
loss and 26% of bandwidth has been discussed here. Maximum 
return loss is achieved by varying the dielectric length inside the 
waveguide.  Radiation pattern of TM01 mode is investigated here 
by using conical horn antenna to verify propagated mode. 
 
Keywords—Circular Waveguide, Mode Launcher, Mode 
Conversion, Microwave Plasma Interaction 

I.  INTRODUCTION 

A high power microwave (HPM) system consists of an 
HPM source, mode converter and an antenna to couple the 
microwave signal to plasma. Many of the HPM sources (e.g. 
Vircator, BWO etc.) generate the output in the form of TM01 
mode of the circular waveguide [1]. Vircator and BWO are 
frequency tunable HPM sources [2]. HPM sources are 
operated at a certain frequency, but it can vary in consequent 
shots. Sometimes HPM sources are intentionally operated at a 
different nearby frequency for experimental purpose. A mode 
converter or antenna is connected as the next stage after the 
HPM source. For measurement of the characteristics of mode 
converter or the antenna, it is required to generate the TM01 
mode at low power level.CCPT (Conservation of Complex 
Power Technique) is used for TM0n multimode excitation [3]. 
The power distribution of various order modes excited in 
circular waveguide depends on the inner conductor or probe 
penetration of coaxial line [4]. Using various structure of 
feeding probe as a monopole antenna for excitation results in 
wide-bandwidth [5]. 

 The paper is organized as follows: at first the 
fundamental theory related to circular waveguide is described 
briefly prior to the design. Then, the theoretical design 
parameters and its expected values are carried out based on the 
specifications and design criteria. Optimization process is 
applied to the physical parameters including the length of 
dielectric inside the waveguide and the length of feeding probe 

as a guide2 to obtain the optimum design. Then propagating 
mode (TM01) has been verified using its radiation pattern. 

 

II. FUNDAMENTAL THEORY 

A. Circular Waveguide. 
The determination of the electromagnetic fields within a 

waveguide is found out  by solving Maxwell field equations 
in a coordinate system appropriate to the waveguide region. 

Circular waveguide supports transverse electric (TE) and 
transverse magnetic (TM) modes. Every mode has its own cut-
off frequency, below which electromagnetic energy is severely 
attenuated. Round cross section of circular waveguide makes 
it easy to fabricate, and it is often used to feed conical horns. 
Further, the TE0n modes of circular waveguide have very low 
attenuation. The disadvantage of circular waveguide is its 
limited dominant mode bandwidth. So discontinuities can 
easily excite unwanted cross-polarized components.TM01 
mode is the first higher order mode of circular waveguide after 
TE11 mode. The field pattern of TM01 mode consists of radial 
diverging electric field and azimuthally symmetric magnetic 
field as shown in Fig. 1. 
 

 

 
 

Figure 1 Field pattern of the TM01 mode in a circular waveguide. 

The cutoff frequency for the circular waveguide is 
calculated as 

 

																																					
√

                                    (1) 

 
Where values of Pnm for TM mode is given in the Table I. 
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TABLE I. Values of Pnm for TM modes of a circular waveguide. 

 
n Pn1 Pn2 Pn3 
0 2.405 5.520 8.654 
1 3.832 7.016 10.174 
2 5.135 8.417 11.620 

 

B. Design Parameters. 
Axial feeding is used to convert TEM mode in to the 

TM01mode in circular waveguide as shown in Fig. 2. 
Monocone type configuration is used here to excite TM01 
mode whose values are shown in Table II. 

 
Figure 2 Excitation of circular waveguide using monoconetype structure. 
 
For the convenience of measurement the total length of the 

circular waveguide is taken as 2λ+ Guide2. Converter is 
designed for 3GHz so considering this as a center frequency, 
circular waveguide radius is taken as 45mm. 

 
TABLE II. Theoretical designed parameters for Mode Conversion. 

 
Parameters Equations Expected 

Values 

Cutoff Frequency of 

TM01 
2 √

 2.55GHz 

 

Operating Frequency  3GHz 

Cutoff wave length 3GHz 100mm 

Waveguide Length ≥ 2λ guide2 ≥250mm 

Diameter and Length of 

Monocone 

30mm, 

35mm 

Circular waveguide 

Radius 

45mm 

 

III. SIMULATION ANALYSIS AND RESULTS 
 

Simulation is carried out by CST (Computer Simulation 
Technique). Propagation of TM01mode and attenuation of 
other modes are verified by simulated results. Propagating 

mode (TM01) is verified by its field distribution and radiation 
pattern where axial null is found at the center. Conical horn 
antenna is used to radiate the waveguide energy to the outer 
space. 

Comparison of various lengths of dielectric in to the 
waveguide and how it can achieve maximum return loss at 
particular length is analyzed here. 

A. Varificatin of Propagating  Mode. 
Propagation of mode in waveguide is verified by its 

S21parameters where it shows that TM01 mode is propagating 
and other modes are attenuating.  

 

 
Figure 3 S21for various modes in circular waveguide. 

Scattering parameter S21 is shown in the Fig. 3 for various 
modes. S21 is ~0dB for TM01 mode which means almost 
complete transmission for the desired mode. It is also 
observed that other modes are attenuating by more than 50dB. 

B. Analysis of Dielectric Length Variation 
 As shown in the Fig. 4 dielectric is extended in to the 
waveguide. 50Ω coaxial connector is used to feed the power 
and its dielectric is meant to be extend in to the waveguide over 
inner conductor. 

 

 
Figure 4 Monocone structure with extended dielectric. 

 

Variation of dielectric length ‘a’ (mm) affects scattering 
parameter for TMnm mode. The frequency is slightly shifted 
toward 3GHz with variation of dielectric length as shown in 
the Fig. 5. Power excitation is in axial direction for TMnm 
mode. 
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Figure 5 Return loss for various length of dielectric. 

 As shown in the Fig. 5,‘a’ is varied from 0 to 4 mm. a=0 
means no dielectric is penetrated into the waveguide. As ‘a’ 
increases, frequency shifts toward 3GHz and at ‘a’ =3 mm 
there is maximum return loss of 71.6dB without affecting 
bandwidth. Achieved bandwidth for S11 better than 10dB is 
855 MHz at operating frequency 3GHz. 

C. Verification of Mode Using Conical Horn Antenna. 
Geometry of conical horn antenna is shown in Fig. 6. 

TM01mode has an axial null in its radiation pattern. So mode 
can be verified by its field distribution and radiation pattern. 
Fig. 7 shows the 3D radiation pattern of conical horn antenna 
which also verifies the presence of TM01modewhere axial null 
is in boar side. 

 

 
Figure 6 Conical horn antenna with given circular waveguide. 

 

 

 

Figure 7 3D radiation pattern of TM01 mode using conical horn antenna. 

 

IV. CONCLUSION 

Mode conversion for coaxial TEM-to-TM01 mode 
conversion in circular waveguide is successfully investigated. 
The proposed design is compact in size and shape. Maximum 
return loss of 71.6dB is achieved at 3GHz by extending 
dielectric length in to the waveguide. Achieved bandwidth for 
S11 better than 10dB is 855 MHz at operating frequency 
3GHz. The proposed TM01 mode conversion design is useful 
for low power testing of components which will be used in 
high power microwave coupling to the plasma. 
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Abstract—Thispaper presents a mode convertor in circular-to-
rectangular and again rectangular-to-circular waveguide using 
axial feeding. Monocone type structure is used to feed power and 
parameters of this monocone are modified as per the waveguide 
parameters. The simulation is carried out by using CST 
microwave studio program. Length of the waveguide for single 
circular to rectangular waveguide is kept at ≥2 +length of 
feeding probe. Rectangular TE10 to circular TE11 mode converter 
is also analyzed using transverse feeding. There is axial null in 
TM01 mode so TM01-to-TE11 mode converter is designed in order 
to best use BWO like power sources. 
 
Keywords—Circular Waveguide, Rectangular Waveguide, Mode 
Converter, Microwave Plasma Interaction  
 

I.  INTRODUCTION 

 Problems that often arise in the transmission of 
electromagnetic energy in some media are effectiveness and 
optimality of delivery. This also applies to waveguides since 
the presence of attenuation is interfering the effectiveness of 
electromagnetic energy delivery especially in microwave 
frequencies. Attenuation in waveguide basically comes from 
dielectric loss and conductor loss. Usually dielectric inside 
waveguide is air, which has lower loss than other insulation 
types, whilst to suppress the loss coming from conductor wall 
a metal with high conductivity is chosen [1]. Beside the 
attenuation problem, the wave excitation is also the issue that 
has to be paid more attention in particular for waveguide used 
as a transmission line [2]. Microwave systems often need to 
take the energy generated in an inconvenient field 
configuration (mode) and convert it to a more useful one. One 
of the most common mode conversion requirements in high 
power microwave systems is from the TM01 to the TE11 in 
circular waveguide. The TM01mode in circular waveguide 
(CWG) is generated by sources with axial electron beams, 
which are most of the very high power (>Megawatt) sources. 
This mode has a transverse electric field null on the axis, 
producing a donut-shaped beam when radiated rather than the 
preferred solid beam. The desired mode is the TE11. In order to 
best use these power sources, it is necessary to convert the 
TM01 mode to the TE11mode in CWG [3]. The wave excitation 
is easier in the realization by using a probe feeding which is 
either a monopole antenna or loopcoupling device .Various 
structures of probe feeding monopole antennaeresult in wide-
bandwidth [4]. This feeding monopole antenna is connected 
with coaxial cable, which has a TEM mode, and it will result 

in to either TE or TM mode. Transverse excitation is used to 
generate TE mode and axial excitation is used to generate TM 
mode in the waveguide [2]. So for all converters, monocone 
type structure is used for better efficiency of mode 
conversion.Aluminum material is used for feeding probe and 
waveguide converter, which has a high conductivity and 
relative permeability close to 1. 

 The paper is organized as follows: at first, the 
fundamentaltheory related to rectangular and circular 
waveguide andconverter as well will be described briefly prior 
to the design of converter. The modes of all waveguides are 
also discussedin the description. Then, the design and its 
analysis ofconverter are presented based on the specification 
and designcriteria. Some optimization process applied to the 
physicalparameters including the length of rectangular and 
circular waveguide and the length and width of monocone 
type structure in the waveguide converter. Here, the discussion 
of S-parameters for all types of converter will be presented 
andfollowedby the conclusion. 

II. FUNDAMENTAL THEORY 

A. Rectangular and Circular Waveguide 

 Based on the shape, waveguide is divided into several 
types, namely rectangular, circular, elliptical, and truncated 
waveguide. For the investigation purpose, the discussion is 
limited to the rectangular and circular waveguide. Each mode 
in those waveguides has a cut off frequency (fc) with a certain 
value. At the working frequency (f), only the mode which has f 
>fc would propagate, whilst the modes with f <fc would 
produce imaginary electromagnetic field components and have 
no propagation. If a waveguide produces more propagation 
modes, then the waveguide will be over mode. The mode 
excited in the waveguide with lowest frequency (fc)is called a 
dominant mode. For rectangular waveguide, the cut off 
frequency can be formulated as follows [2]. 
 

, 	 	
√

,  (1) 

wherea andbare width and height of the waveguide 
respectively. Here, m and n that are integers (0, 1, 2,…) 
indicating the number of half wave variations of electric 
and/or magnetic field in x-&y–directions respectively. 
Byassuming a >b, the lowest mode fc occurred at 
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TE10[2].Fig.1 shows the configuration of rectangular 
waveguide. 

 
Figure 1 Geometry of a rectangular waveguide 

 Circular waveguide also supports TE and TM modes. 
Fig. 2 shows the geometry of circular waveguide, with inner 
radius a. The cut-off frequency of circular waveguide 
formulated as follows [2]. 
 

2 √
 (2) 

 
 

 

Figure 2Geometry of a circular waveguide 

Pnm is a solution of 2nd orderBessel differential function. The 
dominant mode in a circular waveguide is TE11. 
 Front and cross sectional view [2] of rectangular and 
circular waveguide is illustrated in Fig. 3 for modes that are 
used here. Solid lines indicate electric field while dotted lines 
indicate magnetic field. 
 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 3 Fields line for mode of (a)TE01 in rectangular waveguide, (b)TM11 in 
rectangular waveguide, (c)TM01 in circular waveguide, and (d)TE11 in circular 

waveguide. 

B. Waveguide Transition 

The transition section of waveguide is used to convert one 
mode in rectangular waveguide to other mode in circular 
waveguide and vice-versa. The minimum length of waveguide 
converter should be ≥2λ+length of feeding probe. 

III. SIMULATION AND DESIGN ANALYSIS 

A. Circular TM01 to Rectangular TM11Mode Converter 

The following are the specifications that should be fulfilled 
in the design of circular to rectangular waveguide to generate 
TM11 mode. As illustrated in Fig. 4 power is axially excited 
from circular side. 

 The converter simulated here is atransitionfrom 
circular waveguide to rectangular waveguide. The 
diameter of circular waveguide is 90 mm while the 
rectangular waveguide used is WR510 having 
a=129.54mm and b=64.77mm.The cutoff frequency 
of WR510is 2.58GHz for TM11mode. 

 Monocone type structure is used to excite the power 
[4]. The goal is to produce TM11 mode on rectangular 
side. Total length of feeding probe is 45 mm, which 
is half of the waveguide diameter, and diameter of 
the feeding probe is 30 mm, which is one third of 
circular diameter. 

 

 
Figure 4 circular to rectangular waveguide converter with axial excitation 

 Operating frequency is 3GHz with 100 mm of 
wavelength so the total length of the transition is kept 
as250mm (≥2λ+length of feeding probe). 

 The plot of S-Parameters is shown in Fig. 5. The return 
loss achieved at 3 GHz is 60dB and the 10dBbandwidth in the 
frequency range of 2.65-3.51GHz is 850MHz. 
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Figure 5 S-Parameters of circular TM01 to rectangular TM11mode 

converter 

 

B. Rectangular TM11  to Circular TM01Mode Converter 

The following are some specifications that should be 
fulfilled in the design of this rectangular to circular waveguide 
converter to generate TM01 mode. As illustrated in Fig. 6 
power is axially excited from rectangular side. 

 The used converter is rectangular to circular 
waveguide. The dimensions of rectangular 
waveguide area=129.54mm and b=64.77mm while 
the diameter of circular waveguide is 90mm. The 
cutoff frequency is 2.55GHz for TM01mode. 

 Monocone type structure is used to excite the power 
[4]. The goal is to produce TM01 mode on circular 
side. Total length of feeding probe is kept as half of b 
(b/2=32.38mm) and diameter of used feeding probe 
should be one third of b (b/3=21.59mm). 

 

 
Figure 6 Rectangular to Circular waveguide converter with axial 

excitation 

 The length of the transitionis keptsame as 
250mm(≥2λ+length of feeding probe). 

 The plot of S-Parameters is shown in Fig. 7. The 
return loss achieved at 3 GHz is 40dB and the 
10dBbandwidth in the frequency range of 2.86-3.11GHz 
is 240MHz. Bandwidth is reducing because of the width 
of the rectangular is larger than circular diameter. 

 
Figure 7 S-Parameters of Rectangular TM11 to circular TM01mode 

converter 

C. Rectangular TE10 to Circular TE11Mode Converter 

The following are some specifications that should be 
fulfilled in the design of this rectangular to circular waveguide 
to generate TE11. As illustrated in fig. 8power is transversely 
excited from rectangular side. 

 The used converter is rectangular to circular 
waveguide.The dimensions of rectangular waveguide 
are a=72.14mm and b=36.07mm while the diameter 
of circular waveguide is 71.42mm. The cutoff 
frequency is 2.46GHz for TE11mode. 

 Monocone type structure is used to excite the power 
[4]. The goal is to produce TE11 mode on circular 
side. Total length of feeding probe is kept as half of b 
(b/2=18.035mm) and diameter of used feeding probe 
should be one third of b (b/3=12mm). 

 

 
Figure 8 Rectangular to Circular waveguide converter with transverse 

excitation 

 The length of the transitionis kept as 2λ (200mm) 
+ length of rectangular segment (40mm). 

 The plot of S-Parameters is shown in Fig. 9. The 
return loss achieved at 3 GHz is 30dB and the 
10dBbandwidth in the frequency range of 2.4-4.5GHz is 
2GHz. 
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Figure 9 S-Parameters of Rectangular TE01 to Circular TE11 mode 

converter 

D. Circular TM01 to Circular TE11 Mode Converter 

 A cross-section of the total TM01-to-TE11convertor is 
shown in Fig. 10. Considering aTM01 mode incident from the 
left, the energy isfirst transitioned into a coaxial section that 
tapers to circular. This technique provides a broadband TM01 -
to-TEM transition. A lengthof straight coax feeds an excitation 
loop in the rectangular waveguide,acting as the TEM-to-TE10 
convertor. A short section of this rectangular waveguide then 
feeds into a smoothtapered transition out to the circular 
waveguide for the TE10-to-TE11 conversion at the output.The 
straight coax section blocks the TE11 modethat is excited in 
rectangular waveguide from coupling back to the input, and 
rectangular waveguide blocks the TEM modefrom coupling to 
the output as a TM01 [3]. 
 

 
Figure 10CircularTM01 to CircularTE11 waveguide converter using coax 

section 

 There are two tapered sections (circular to 
rectangular and vice-versa). Diameter of circular section is 
90mm and height and width of rectangular part is45mm and 
90mm respectively. Diameter of coax on the left side is taken 
equal to the height of rectangular section i.e. 45mm. 

 

Figure 11 S-Parameters of Circular TM01 to circular TE11mode converter 

 Return loss of this design is shown in Fig. 11. At 3.1 
GHz42dB of return loss has been achieved. 

IV. CONCLUSION 

The design of rectangular-to-circular and circular-to-
rectangular waveguide converter has been investigated using 
axial feeding. From the results, it has been shown that the 
circular-to-rectangular wave-guide converter is more efficient 
than rectangular-to-circular waveguide in terms of return loss 
and bandwidth. Since power measurement is more convenient 
in rectangular waveguide, this circular to rectangular converter 
can be used for high power measurement in high power 
microwave source. To overcome the feeding problem for 
circular waveguide, rectangular-to-circular waveguide has 
been investigated using transverse feeding. It has also been 
demonstrated that the mode converter can convertTE10 mode 
of rectangular waveguide to TE11 mode of circular 
waveguide.The 10dB bandwidth achieved for return loss is 
2GHz. Parametric change of monocone type structure has also 
been studied. For the waveguide converter it is convenient to 
travel at least one λ of distance from both side of converter, so 
the length of the waveguide converter is kept as2λ+length of 
feeding probe.TM01to TE11 circular waveguide mode 
converter has also been investigated using straight coax. 
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Abstract 
 

The Relativistic Backward Wave Oscillator (RBWO) is one of the most promising High Power 
Microwave (HPM) sources generating power in GW level. It has many advantages over other HPM 
sources in X-band including high pulse repetition rate, simple structure design, high stability in 
repetitive or long pulse applications, easily oscillating in single mode, and electronic tunable over a 
wide bandwidth. The foremost application of RBWO is in Defence, for the electronic blackout 
during a war [1].  
In this paper, the design and simulation of an overmoded X-Band RBWO with cavity Resonant 
Reflector (RR) is presented. The concept of an overmoded X-band RBWO is to increase the power 
handling capability of an HPM device. The maximum power handling capability of an HPM source 
is limited by the internal RF breakdown, and this problem is overcome by an Overmoded RBWO up 
to some extent.  In an overmoded RBWO the average diameter (D) of RF structure is increased to 
several times of free space wavelength i.e. D/λ >> 1 [2]. The overmoded structure is required 
comparably less external guiding magnetic field, than other HPM sources. The generated backward 
propagating RF wave in an RBWO gets reflected by resonant reflector and propagates towards its 
collector region. The profile of the RF Slow Wave Structure (SWS) varies sinusoidally 
as 0 1( ) sin( )wr kz r r kz= + , which is designed to resonate at TM01 mode so as to satisfy the Cerenkov 
resonance condition. The designed RF circuit is simulated using a 3D electromagnetic particle-in-cell 
(PIC) code to investigate the nonlinear beam-wave interaction behavior. The simulation predicted an 
RF peak power of ~0.8GW at ~9.4GHz for an input pulse of 550kV with 45 ns of duration. The 
optimized axial magnetic field was 2.15T that restrict the velocity of electron beam along axial 
direction only. 
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Abstract— A relativistic backward-wave oscillator including 

a cavity resonant reflector and trapezoidally corrugated slow-
wave structure as its RF circuit has been studied for its bema-
wave interaction behavior. The device has been simulated using a 
3D electromagnetic Particle-In-Cell (PIC) code. The simulated 
device generated a maximum RF pulse power of ~1GW with the 
duration of ~110ns in the desired dominant mode of TM01 at 
~3.6GHz for DC parameter of 700kV, 5.5kA. The power 
conversion efficiency has been achieved as ~26% with single 
pulse energy of ~110J. 

Keywords—Relativistic backward wave oscillator (RBWO), 

cavity resonant reflector, trapezoidally corrugated slow wave 

structure. 

I.  INTRODUCTION  

The Relativistic backward-wave oscillator (RBWO) is a 
high power microwave (HPM) source, which is used to 
generate high power in GW level in millimeter and centimeter 
range because of its high efficiency and good repetition rate 
[1]. Due to its GW power level, it is used as a military weapon 
for causing electronic blackout during war. It generally 
consists of spatially metallic periodic structures called slow-
wave structures (SWS). The SWS can be of different types 
such as sinusoidally corrugated, trapezoidally corrugated, iris-
loaded waveguide, helically rippled wall etc. [2]. In the 
present work, a trapezoidally corrugated slow-wave structure 
(TCSWS) is used since it provides better growth rate and is 
also easier to fabricate [3]. The SWS are used to slow down 
the phase velocity of the electromagnetic wave so that it 
synchronizes with the axial velocity of electrons. Depending 
upon the phase of RF wave, the electrons are velocity 
modulated and are bunched as they travel down the interaction 
region, and during  

 

 
Fig.1: Schematic diagram of a resonant reflector  

.               

 

the decelerated phase the electrons transfer their kinetic 

energy to RF wave. 
. 

II. THEORY AND DESIGN CALCULATION OF RESONANT 

REFLECTOR 

The resonant reflector is generally a smooth cylindrical 
waveguide having a radius ‘b’ and length ‘c’ which is 
approximately one–third of the wavelength so that the higher 
mode of the TM01 having same azimuthal index is locked in 

the resonant reflector and the dominant mode i.e., TM01 is 

reflected back [4].  

 

A smooth waveguide called drift waveguide is connected 
between the resonant reflector and the slow-wave structure 
having a radius ‘a’ as shown in fig.1. 
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The radius of the resonant reflector is approximated by ‘

2 / ~ 5.52b  ’ and the radius of the drift waveguide is 

approximated by  ‘x ≈ rbeam *  02/a’, since there is at least 

one oscillation of TM02 or higher modes of TM mode exists in 
the range of wavelength ‘

02 02b k a   ’ where k=2π/λ 

and 
02 5.52  , is the second root of zeorth order Bessel 

function J0 (x) = 0 [4]. 

           

III. CALCULATION OF DISPERSION RELATION  

It is important to obtain the dispersion relation because it 
provides approximate parameters of the SWS that can work in 
a frequency range. The numerical method discussed in [5] is  

used to calculate the dispersion relation curve and is expressed  

as 

f = A – B cos (βL) – C cos
2
 (βL), 

where 

A = fπ/2     B = (fπ – f0)/2      C = fπ/2 – (fπ +  f0)/2 

 

βL is the phase shift  in one period, and the eigen-frequencies 

of 0 mode, π/2 mode, π mode are f0, fπ/2, and  fπ, respectively 

when βL equal to 0, π/2, and π [1]. The eigen-frequencies of 

TM01 mode are shown in Table1. 

 

Therefore, the dispersion relation curve can written as 

 

f =3.4219 – 0.3825 cos (βL) +0.13 cos
2
 (βL), 

 

and the result is shown in fig.2.    

 

Fig.2:  Dispersion relation curve of the TM01 mode,                                                                                                      

which has an intersection with the beam line of 700 kV.                                                                                                                              

The frequency of the intersection is 3.7GHz. 

 

 

 

 

 

 

  TABLE1. Eigen –frequencies of TM01 mode (in GHz).   

 

 

IV. CONFIGURATION OF THE RBWO 

The fig.3 shows a schematic diagram for the basic 
configuration of the RBWO. An annular electron beam is 
produced by using a hollow cathode with the diameter of 5cm 
with an external magnetic field of about 1.8T. The taper 
waveguide is at collector end to improve the quality factor of 
the device and also it provides a partial reflection of the wave 
[6]. A smooth waveguide is placed between the resonant 
reflector and the slow-wave structure to adjust an integer 
number of oscillations of the fundamental standing wave 
along the tube [6]. 

 

According to theory of RBWO the geometry of the device 
is related to wavelength as: the average radius of SWS is r0 ≈ 
λ/2, the length of one period of the SWS is L ≈ λ/2, the depth 
of corrugation of the SWS is h ≈ λ/8, the total length of the 
SWS is LSWS ≈ 2.5λ, and the length of the drift waveguide is 
Ldrift ≈ λ [6]. 

 

 

 

 
Fig.3: Basic Structure of RBWO (1-Cathode, 2-Reflector, 3-Drift 

waveguide, 4-SWS, 5-Taper waveguide, 6-Collector, 7-Electron 

beam, 8-Magnetic-fields coils).                            
 

 

Frequencies Values 

f0 3.1697 

fπ/2 3.4219 

fπ 3.9347 
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V. MAGIC SIMULATION 

MAGIC is electromagnetic particle-in-cell finite-
difference, time-domain (EM PIC FDTD) software for 
simulating plasma physics processes, i.e., those processes that 
involve interactions between space charge, electromagnetic 
fields, and background gaseous media. Simulation 
configuration of RBWO is shown in the fig.5. A trapezoidally 
corrugated slow-wave structure (TCSWS) of 5 periods with 
the resonant reflector is modeled in the MAGIC. The 
parameters of the TCSWS are shown in TABLE2. 

 

 

TABLE2. The parameters of the TCSWS (in cm) [1]. 

 

Parameters Values 

Rmin 3 

h 1 

L 4.5 

d1 0.3 

d2 1.7 

d3 0.8 

 

 
 

Fig.4: Designed structure of RBWO in MAGIC-3D (1-Annular 

cathode, 2-Resonant reflector, 3-Drift waveguide, 4-TCSWS, 5-Taper 

waveguide, 6-Collector, 7-Electron beam). 

 

 

 
Fig.5: Schematic diagram of TCSWS.  

VI. SIMULATION RESULTS 

With the use of a MAGIC-3D Build, the RBWO is studied 
for the beam parameters of about 700kV, 5.5kA and the 
external guiding magnetic field is about 1.8T with diode 
voltage pulse duration of 160ns. 

 

Fig.6 shows the output microwave power versus time. The 
output microwave power is about 1GW with pulse duration of 
110ns and the power conversion efficiency is about 26%. 

 

Fig.7 shows the frequency spectrum of the output 
microwave power at ~3.6GHz (3.575GHz). From the figure it 
is clear that the frequency spectrum is very sharp, which 
indicates efficient electron beam interaction with the 
electromagnetic wave 

VII. CONCLUSION 

An S-band RBWO is designed and simulated in MAGIC 
3D Build. An output power of about 1GW with pulse duration 
of about 110ns is observed. The power conversion efficiency 
is achieved about 26% at ~3.6GHz with single pulse energy of 
110J. 

 
Fig.6: Microwave power versus time. 

 

 
Fig. 7: Fourier spectrum of the microwave. The dominant frequency 

is about 3.575GHz.                                         
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Abstract 

 
Gyrotron is a high frequency, high power microwave source and being continuously used and 
explored to be used in various applications such as plasma generation, energy generation, 
spectroscopy, security, etc. throughout the world [1]. Seeing the importance of Gyrotron, CSIR-
CEERI has been started the activity ‘Design and Development of 170 GHz, 1MW Gyrotron’ under 
CSIR network project. The aim of activity was design and development of 170 GHz, 1MW Gyrotron 
keeping the requirement for International Thermonuclear Experimental Reactor (ITER). Initially 
main objective of the activity was design and development of 170 GHz, 100 KW (short pulse) 
demountable Gyrotron for establishing capabilities. It is heartening to mention that design and 
fabrication technologies for each and every component of 170 GHz Gyrotron have been developed. 

All the required components for high power short pulse 170 GHz Gyrotron with internal mode 
converter have been indigenously designed and developed. For example, the large size, high voltage 
and high current magnetron injection gun (MIG), interaction cavity, beam tunnel, quasi-optical mode 
converter, alumina based RF window and undepressed collector with ceramic isolation assembly are 
already ready for final integration of the 170 GHz Gyrotron. MIG is the most complex component of 
the gyrotron as it consists of a cathode-heater assembly and a number of insulators and metal piece-
parts [2]. Different types of joining operations are needed to achieve a developed MIG initiating 
from a large number of constituent piece-parts to a single component. GCTM of 170 GHz gyrotron 
has been successfully developed and limited test has been carried out. The electron beam, nominally 
80 kV and 40A, interacts with the TE34,10 mode of a cylindrical cavity in a 6.7 T magnetic field. 
TE34,10 operating mode is converted to a Gaussian beam with an internal mode converter. First quasi 
optical mode converter consists of smooth wall mode launcher, 3-metalic mirrors and vacuum 
chamber with view front of RF window has been successfully developed.  
Fig.1 shows development status and schematic diagram of 170 GHz short pulse Gyrotron. The 
integration and vacuum processing of complete demountable 170 GHz Gyrotron will be carried out.  
The overall length of the gyrotron is around 2.2 meter and the weight is around 200 kg without 
cooling ducts. 
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Abstract 
 
In this paper, the design and Particle-in-Cell (PIC) simulation of a Ka-band Gyro-twystron is 
presented.  Gyro-twystron based on CRM instability, having one or more input cavity and an output 
travelling wave section, which are separated by the drift tube. Gyro-twystron is a hybrid type 
gyrotron amplifier which has high gain bandwidth product and finds application as an RF source in 
Radars in addition to the particle accelerator, material processing, etc. [1]. The design methodology 
of each RF subsection of the device has been developed from its linear and nonlinear theories, 
independently. The modelling and cold characteristics of the input cavity are studied using CST 
Microwave Studio [2]. To provide the isolation between the cavity and waveguide, the drift tube is 
chosen with the appropriate radius and length of ~ 4 mm and ~ 27 mm, respectively, with the help of 
cold cavity dispersion relation [3]. The physical dimensions of the output waveguide are calculated 
including its radius of 5.5 mm and length of 100 mm based on the backward wave oscillation study 
in it [4]. The designed whole RF interaction structure of gyro-twystron has been simulated using a 
3D Particle-In-Cell (PIC) code for studying its beam-wave interaction behavior. The simulation of 
the amplifier predicted a saturated RF peak output power of ~150 kW in a fundamental TE01 mode 
with a conversion efficiency of ~29 % and the saturated gain of ~24.5 dB for a gyrating 65 kV, 8A 
electron beam. 
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Abstract— In this paper, a photonic band gap (PBG) 

waveguide using holes drilled in the dielectric substrate has been 

investigated. A triangular lattice of holes has been used to design 

a PBG waveguide for microwave application [2]. The PBG 

waveguides can be used in the planar circuit which makes the 

waveguide light in weight, and the losses at the sharp bends are 

eliminated as compared to the conventional waveguides [1]. To 

design a PBG substrate with a mid-gap frequency of 10 GHz, the 

dispersion diagram of the triangular lattice has been calculated. 

The structure has been designed to give a complete band gap 

when operating in TE mode while no band gap when operating in 

TM mode. The simulation results have shown that for TE mode 

of operation, the band gap is in between the 8.78 -11.52 GHz 

while the analytical results predicted a band gap of 8.8 – 11.2 

GHz [3]. The analytical and simulation results are approximately 

same. The field patterns of the waveguide for the frequencies 

below, above and in between the band gap has been also 

demonstrated which indicates a total confinement of EM wave in 

the line defect when the frequency lies in between the band gap.  

Keywords— Photonic crystal; 2D PBG structure; PBG 

waveguide; Plane Wave Expansion (PWE) method;  

I.  INTRODUCTION  

In recent years, photonic crystals have great interest 
because of their prohibiting behavior at certain frequency for 
certain polarization and direction, to control the propagation of 
electromagnetic wave [1]-[3]. Photonic Band Gap (PBG) 
structure are artificially fabricated which have periodic 
arrangement of dielectric or metallic materials in 1D, 2D and 
3D. Band gap property of the PBG structure results in various 
application at microwave frequency. These include photonic 
crystal based waveguides, reflectors [8], isolator, circulator 
[12], high quality resonators [9], efficient detector [10], and 
millimeter wave antenna [11]. Band gap result from the 
periodic variation of permittivity in one, two and three 
dimension. By varying geometry and the index contrast, band 
gap in the structure can be change. In this paper, we 
demonstrate a method for guiding electromagnetic wave using 
photonic crystal waveguides [4]. 

Photonic crystal waveguide can be designed by introducing 
the 1-D perturbation or line defect in two dimensional periodic 
structure [5]. Thus once a two dimensional periodic structure is 

designed for particular frequency range, a waveguide can be 
easily designed. A two dimensional periodic structure in which 
air holes are perforated in higher dielectric material (Al2O3) 
and arranged in triangular lattice is shown in figure 1. 

If the electromagnetic wave with frequency within the band 
gap is propagated through the PBG waveguide, they are well 
confined within the defect region due to the PBG effect. 
Vertical confinement in the PBG waveguide has been done by 
index contrast. Because of the finite thickness, a photonic 
crystal slab can support guided modes. Computation method 
used to determine the dispersion diagram is presented in 
section II. In this paper, plane wave expansion (PWE) method 
is used to determine the dispersion diagram. Design and 
simulation of 2D PBG structure and different types of bend 
waveguide is presented in section III. 

II. COMPUTATION METHOD 

A variety of theoretical and numerical method can be used 
to study the electromagnetic wave propagation in PBG 
structure which gives the calculation of wave vector as a 
function of frequency i.e. band structure or the transmission 
properties of that structure. Some of the common methods are 
Finite Difference Time Domain (FDTD), Finite Integration 
Technique (FIT), Plane Wave Expansion (PWE) method, 
Finite Element Method (FEM), Transfer Matrix Method 
(TMM), Scattering Matrix Method (SMM), etc. [2]. In this 
paper, PWE method is used to solve the Maxwell’s equations 
for the propagation of the electromagnetic wave in the PBG 
structure.  

 

Fig. 1. Schematic diagram of 2D periodic structure wit radius r and lattice 

constant a.  
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 In PWE method, periodic function, like permittivity of the 

medium is expressed in Fourier series and putting this 

expansion into the wave equation expression, which gives 

eigen value proble. Solution of the eigenvalue problem gives 

the dispersion diagram. In order to study the propagation of 

EM wave in periodic structures, we begin with the Maxwell 

equation in homogenous dielectric material and assuming 

there is no external currents and sources  

 Maxwell’s equations can be simplified in the following form  
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Here, H  is the magnetic field of an electromagnetic mode 

at frequency , c is the speed of light and (r)  is the 

dielectric constant varying in two direction. Fourier expansion 

for the inverse of dielectric constant (r)  is 
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where G is a reciprocal lattice vector. Expanding the magnetic 

field H in a basis of transverse plane wave,  
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Putting equation (4) and (2) in equation (1), after solving, a 

eigen value equation is formed  
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where matrix   is defined by 

                
1k k G k G' (G G')      .                      (6) 

Here, k is a 2 2( N N )  matrix and h  is a column vector, 

and N  is the total number of plane wave.  

Brillouin zone is the region of all allowed wave vector k . In 

the eigenvalue equation (5) the wave vector k  vary in the first 

Brillouin Zone. For particular value of k  , N  number of 

eigen values are obtained from (5), expressing these eigen 

value as 
nk  . Here n represent band number. Plot of wave 

vector versus mode frequency in the Brillouin zone gives a 

band diagram (dispersion diagram).  

III. DEISGN AND SIMULATION 

Important parameters for the designing of the PBG 
structure are lattice structure, lattice constant (a), radius of the 
air holes (r), thickness of the material (h) and dielectric 
constant of material. For designing of PBG structure Al2O3 
material is chosen because it has high refractive index (3.06) 
which create large dielectric contrast between air and Al2O3. 
High dielectric contrast results in reduction of the size of the 
device and also gives large band gap. Radius of the air hole is 
chosen such that a band gap will exists in between first two 
band. To determine the value of the radius, we plot the gap-
map as a function of (r/a) which is shown in fig.2. Minimum 
radius required to open the band gap in TE mode is 0.175a and 
no band gap is occur for TM mode for any value of r. Since we 
are getting maximum band gap at r = 0.4a as shown in fig. 2 
(b), still selecting r = 0.3a. Reason to choose lower value of r is 
to make device smaller in size. Figure 3 shows the gap sizes of 
the hole slab as a function of slab thickness, demonstrating that 
there is indeed an optimal thickness. If the slab is too thin, then 
the modes are weekly guided. On the other hand, for a very 
thick slab, the gap in the fundamental guided mode approaches 
that of the infinite two dimensional system. As the slab 
thickness increases, the gap initially increases, approaching the 
corresponding two dimensional TE gap, at some point, 
however higher order mode is pulled into the gap, which 
abruptly begins decreasing. The ideal thickness for the 
fundamental mode to be well confined is approximately half a 
wavelength in thickness [2].  

 

 

Fig.2. (a) Gaps map for triangular lattice photonic crystal slab as a function 
of normalized radius, for TE mode (b) gap to mid gap ratio versus normalized 

radius.  
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Fig.3. Gap to mid-gap ratio of hole slab as a function of slab thickness in 
units of the lattice constant (a).  

Figure 4 shows a dispersion diagram of photonic crystal 
slab for a triangular lattice of air cylinders (radius r = 0.3a) in 
dielectric ( 9 4.  ). It shows a large band gap for TE mode 

(H-field normal to the plane and E in the plane), as shown in 
fig. 4 (a) and no complete band gap in TM mode (E-field 
normal to the plane and H in the plane), fig. 4 (b). PBG has the 
edges at 0.287 and 0.365, the resulting mid-gap normalized 
frequency and the PBG width (gap to mid-gap ratio) are 0.326 
and 23.3% respectively. Lattice constant a can be determined 
by mid-gap normalized frequency f = 10 GHz as  

0.326 9.77
fa

a mm
c
    

The hole radius is 0.3*9.77 2.931r mm   and height of 

the slab become 0.6*9.77 5.862h mm  . For a=9.77mm, 

lower and upper cutoff frequency of the PBG slab is 8.8 GHz 
and 11.2 GHz respectively.  

The most important feature of the projected band diagram, 
which distinguishes the slab from two dimensional photonic 
crystal, is the light cone. The region, above the red line shown 
in fig.4, is called light cone. The light cone consist of the states 
that are extended infinitely in the region outside the slab. The 
states which lie inside the light cone is called radiation mode.  

 

 

Fig.4. Dispersion diagram for a triangular lattice of air hole ( 0.3r a ) in 

dielectric ( 9.4   ). (a) for TE mode and (b), for TM mode. 

The sates which lies in to the plane of the slab (states below the 
light cone) and exist in the band gap is called guided modes 
[3].  

To validate the result, obtained from the computation 
method, we compare this result from the transmission 
coefficient obtained from the CST Simulation [13]. Design 
parameters for the CST simulation are same which we have 
obtained from the computation method. These parameters are 
tabulated in the table I. Simulated designed structure and its 
transmission coefficient are shown in fig.5 and fig.6 
respectively. Transmission coefficient shows no 
electromagnetic wave will propagate inside the PBG structure 
whose frequency lie between 8.78 GHz to 11.52 GHz for TE 
mode. These results are approximately matches with the result 
obtained from computation method. 

Once the band gap of the photonic crystal is obtained, a 
linear waveguide is created by simply introducing the linear 
defect in   direction. The advantage of the photonic crystal 
waveguide is to confine electromagnetic wave even at tight 
corners [4]. Electromagnetic waves are confined horizontally 
by the band gap and vertically by index confinement. Designed 
PBG waveguide with a linear defect is shown in fig. 7. Here 
the width of the waveguide is 11.06 mm. Transmittance 
coefficient of the waveguide, obtained from the CST 
simulation, is shown in fig. 8. It shows EM wave whose 
frequency lie between 9.0 GHz to 11.2 GHz will totally confine 
in the linear defect. Frequency below 9 GHz and above, 11.2 
GHz will not confine in the defect, they will radiate in the 
photonic crystal slab and in the air.  

 

Fig.5. Schematic of the 2D photonic crystal slab 

 

Fig.6. Transmittance coefficient of the Photonic crystal slab for TE mode    

 

Fig.7. Schamatic of the 2D Photonic crystal slab waveguide.   
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TABLE I.  DESIGN SPECIFICATION OF PBG SLAB STRUCTURE 

Parameters 

Lattice constant (a) 9.77 mm 

Radius of  air hole (r = 0.3a) 2.931 mm 

Lattice structure Triangular 

Thickness of the material 5.862 mm 

Higher dielectric constant material Al2O3 

Lower dielectric constant material Air 

 

 

Fig.8. Transmittance coefficient of the waveguide. 

 

 

 

Fig.9. Electric field pattern of the mode for different frquency. (a) E-field at 

8.5GHz, (b) E-field at 10 GHz and (c) E-field at 11.5 GHz.   

    The field patterns of the propagating mode in the waveguide 
for different frequencies are shown from fig. 9. It shows that an 
electromagnetic wave does not guided by a waveguide, whose 
frequency above and below the band gap. Figure 9 (a) and 9 (c) 
shows that E-fields travels along the defect has very less 
amplitude and most of the field travels along the PBG structure 
not from the line defect. Mode field pattern for the frequency f 
= 10 GHz is shown in the fig. 9 (b). Since this frequency lies 
inside the band gap thus electromagnetic waves are guided by 
the waveguide and it travels along the defect.    

IV. CONCLUSION 

The design of 2D periodic dielectric structure followed by 
photonic crystal bend waveguide has been presented. In this 
paper, PWE method has been used to determine the dispersion 
diagram. It has been showed that 2D dielectric (GaAs) periodic 
structure with a triangular array of air holes can exhibit global 
band gap i.e. band gap in both TE and TM mode. Band gap 
obtained from the dispersion diagram has been validated by the 
CST simulation. Simulation of different types of bend 
waveguide has been presented.  Which showed only mode 
having frequency between the band gap are guided by 
waveguide and rest modes are prohibited. 
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Abstract—In the present work, a VSWR section has been 

developed and investigated for measurement of the reflected 

power, reflection coefficient and VSWR. The concept is being 

studied at low power and with the WR-340 waveguide. The 

fabrication of VSWR section is done by considering a sufficient 

number of probes inserted under each half of guided wavelength 

for accurate measurement. Half guided wavelength of VSWR 

section covers a maximum 4-probes and distance between 2-

probes is 18mm. The total number of inserted probes are 15, 

accordingly total distance covered by inserted probes is 252mm, 

i.e. ~2λg at 3GHz. In order to carry out prototype testing, a set-

up has been developed which includes WR-340 rectangular 

waveguide, power meter; waveguide adaptor and signal 

generator. A truthful circumstance is also studied for open 

circuit. Experimentally measured guided wavelength is 

108/144mm for VSWR section while calculated is ~122.5mm for 

WR-340 waveguide. This small difference in the results is mainly 

due to the fabrication inconsistencies like probe insertion, air 

gaps, imperfections while drilling the hole for probe insertion, 

and alignment of probes. Therefore, after minimizing the error 

measurement of reflected power, reflection coefficient and 

VSWR will be done with the setup. 

Keywords— SYMPLE; VSWR Section; Measurement; WR-340 

Waveguide; Load, Microwave Plasma Interaction 

INTRODUCTION 

SYstem for Microwave PLasma Experiments (SYMPLE) 

is an experimental system in Institute for Plasma Research 

(IPR), Gandhinagar, India. It is conceived to investigate the 

physics of interaction of extremely intense electromagnetic 

waves with an over-dense (ωp  > ωem) plasma. The said study 

has relevance in understanding laser-plasma interactions 

applicable in inertial fusion [1]. Impedance mismatches in a 

radio-frequency (RF) electrical transmission line cause power 

loss and reflected energy. In a RF transmission system, the 

standing wave ratio (SWR) is a measure of how efficient RF 

power is transmitted from the power source, through the 

transmission line, and into the load. SWR is, thus, the ratio 

between transmitted and reflected waves. A high SWR 

indicates poor transmission-line efficiency and reflected 

energy, which can damage the system and decreases system 

efficiency [2-4]. Since SWR commonly refers to the voltage 

ratio, it is usually known as voltage standing wave ratio 

(VSWR).  

In an ideal system 100% of the energy is transmitted from 

the power stages to the load. This requires an exact match 

between the source impedance, i.e., the characteristic 

impedance of the transmission line and all its connectors, and 

the load impedance. The signal's voltage will be the same from 

end to end since it passes through without interference. In real 

systems, however, mismatched impedances cause some of the 

power to be reflected back toward the source. Reflections cause 

constructive and destructive interference, leading to peaks and 

valleys in the voltage at various times and distances along the 

line. VSWR measures these voltage variances. It is the ratio of 

the highest voltage anywhere along the transmission line to the 

lowest voltage. Since the voltage does not vary in an ideal 

system, its VSWR is 1.0 or, as commonly expressed as a ratio 

of 1:1. When reflections occur, the voltages vary and VSWR is 

higher, for example 1.2, or 1.2:1.  

When a transmitted wave hits a boundary such as the one 

between the lossless transmission line and load, some energy 

will be transmitted to the load and some will be reflected. The 

reflection coefficient relates the incoming and reflected waves 

[5-6] as Γ = V-/V+, where V- is the reflected wave and V+ is the 

incoming wave. VSWR is related to the magnitude of the 

voltage reflection coefficient (Γ) by VSWR = (1 + |Γ|)/(1 – |Γ|). 

VSWR can be measured directly with an SWR meter. An 

RF test instrument such as a vector network analyzer (VNA) 

can be used to measure the reflection coefficients of the input 

port (S11) and the output port (S22). S11 and S22 are equivalent to 

Γ at the input and output port, respectively. VNA can also 

directly calculate and display the resulting VSWR value. 

The return loss at the input and output ports can be 

calculated from the reflection coefficient, S11 or S22, as follows: 

RLIN = 20log10|S11| dB and RLOUT = 20log10|S22| dB 

The reflection coefficient is calculated from the 

characteristic impedance of the transmission line and the load 

impedance as follows: Γ = (ZL - ZO)/(ZL + ZO), where ZL is the 

load impedance and ZO is the characteristic impedance of the 

transmission line. 

VSWR is defined from the standing wave that arises on the 

transmission line itself by: VSWR = |VMAX|/|VMIN|, where 

VMAX is the maximum amplitude and VMIN is the minimum 

amplitude of the standing wave. With two super-imposed 

waves, the maximum occurs with constructive interference 

between the incoming and reflected waves.  

Thus: VMAX = V+ + V-, for maximum constructive 

interference. The minimum amplitude occurs with 

deconstructive interference, or: VMIN = V+ - V-. 

So  VSWR = |VMAX|/|VMIN| = (V+ + V-)/(V+ - V-) 

 VSWR = V+(1 + |Γ|)/(V+(1 - |Γ|) = (1 + |Γ|)/(1 – |Γ|) 
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Fig. 1 Measurement Setup with Proposed VSWR Section 

 

In this paper, a waveguide transmission line is 

experimented and developed the VSWR section for different 

termination conditions, i.e. short, open, 50Ω matched load and 

specific-load. Through experimental measurements, the VSWR 

for each case of connected line with the respective terminations 

are calculated and measured for validity. 

RESULT AND DISCUSSION 

In general, when a source is connected through a 

transmission line to any other load, these elements must match 

to each other, in order to enable the maximum possible energy 

transfer from the transmission line to the load. The load may be 

too close to the characteristic impedance of a waveguide as the 

best case, or it might be too different compared to the specific 

impedance as the worst case. In order to carry out prototype 

testing, a set-up has been developed which includes WR-340 

rectangular waveguide based VSWR section, power meter; 

waveguide adaptor and signal generator. Fig. 1 shows the 

experimental measurement setup. The concept is being studied 

at low power and with the WR-340 waveguide. The fabrication 

of VSWR section is done by considering a sufficient number of 

probes inserted under each half of guided wavelength for 

accurate measurement. Half guided wavelength of VSWR 

section covers a maximum 4-probes and distance between 2-

probes are 18mm. The total numbers of inserted probes are 15, 

accordingly total distance covered by inserted probes is 

252mm, i.e. ~2λg at 3GHz.  

As standing waves can determined by the ratio of the 

maximum and minimum voltage amplitude of the wave in a 

transmission line. Thus, investigations have been done by 

considering following four cases: short circuit, open circuit, 

50Ω-load and specific-load at VSWR=4. The investigation 

conditions of all four cases are as follows: 

1. With open circuit  
An open circuit condition is investigated. It means that ZL is 

infinite, i.e.  Γ=1 (100% reflection) and ρ=1. It means no power 

is transferred and VSWR will be infinite.  

2. With short circuit 

Next investigation has been done by short circuit 

conditions. It means ZL is 0 and they will calculate Γ= -1 and 

ρ=1. It means no power is transferred and hence, also VSWR 

is infinite. 

 

 

3. With 50 ohms matched termination 

Further, 50Ω matched termination is connected at the end of 

the system and investigated. All energy is transferred to load 

side as it is perfect matched. As ZL is 50 ohms and will 

calculate Γ to be zero. Thus, VSWR will be exactly equal to 

one.  

4. With specific load (VSWR=4) 

When a variable load corresponding to VSWR=4 is 

connected, the impedance will no longer be 50 ohms and an 

impedance mismatch occurs and part of the energy is reflected 

back. The amount of energy reflected depends on the level of 

the mismatch so VSWR will be a value more than one.  

The measurement is done by connecting waveguide and 

load face to face as shown in Fig. 2, These figures show the 

terminations of short, open, matched load and specific load 

with VSWR section. The applied input power to the VSWR 

section is 20dBm (7.1V) for all cases. 

 

      
        (a)    (b) 

      
        (c)    (d) 

Fig.2 Measurement Setup: (a) Short Circuit, (b) Open Circuit, (c) Matched 

Termination, (d) Specific Load (VSWR=4) 

 

Fig. 3 demonstrates the variation of received voltage at 

different probes. It is noticed that maximum received voltage is 

0.490V, 0.343V, 0.288V & 0.416V while minimum received 

voltage is 0.008V, 0.127V, 0.202V & 0.013V for short, open, 

matched load and specific load respectively. Then VSWR is 

calculated by taking the ratio of measured maximum and 

minimum voltage for respective case. This VSWR is verified 

by direct measurement i.e. without inserted probes. 

Comparison of VSWR and guided wavelength is shown in 

Table 1. VSWR obtained for all cases with and without 

inserted probes are nearly similar expect specific load case. 

Measured VSWR with probe is 31.44 while without probe is 

6.88. This difference in VSWR for specific load case need to 

minimize by considering measurement error as well as plotting 

circumstance. Calculated guided wavelength of WR340 

rectangular waveguide is ~122.5mm while measured guided 

wavelength of VSWR section is varying from 108mm to 

144mm. This small difference in the results is mainly due to the 

fabrication inconsistencies like probe insertion, air gaps, 

imperfections while drilling the hole for probe insertion, and 

alignment of probes. Here, it is also observed that exact open 

circuit case is not occurs for real time measurement. 
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Fig. 3 Variations of received voltage at different ports  

 

Table: 1 Comparison of VSWR and guided wavelength  

Experimental 

VSWR 

With 

Probes 

Without 

 Probes 

 Guided Wavelength 

(Measured) 

For Match 1.42233 1.26 122.5mm (Calculated) 

For Open 2.70707 1.75 108-144mm 

For Short 57.2137 48.12 108mm 

Specific Load 31.4413 6.88 108mm 

 

CONCLUSION 

A prototype model of VSWR section by using WR340 

rectangular waveguide has been developed to measure reflected 

power. This VSWR section is successfully analyzed for four 

cases i.e. short, open, matched load and specific load. 

Calculated guided wavelength of WR340 rectangular 

waveguide is ~122.5mm while measured guided wavelength of 

VSWR section is varying from 108mm to 144mm. VSWR 

obtained for all cases with and without inserted probes are 

nearly similar except specific load case. Measured VSWR with 

probe is 31.44 while without probe is 6.88 for specific load 

case. This difference (error) in VSWR need to minimize by 

considering measurement error as well as plotting 

circumstance. Therefore, after minimizing the error 

measurement of reflected power, reflection coefficient and 

VSWR will be done in future work. 
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 Abstract—TE11 mode is required in circular waveguide for 

better use of power source because TM01 mode has axial null. So, 

proposed paper presents TE11 mode launcher in circular 

waveguide for S-band. Two methods are used here to feed the 

power in circular waveguide or to launch dominant TE11 mode in 

circular waveguide. In the first method, Transverse feed (feed is 

perpendicular to axis of circular waveguide) is given to circular 

waveguide. This feed will work as TEM to TE mode conversion 

and in circular waveguide only dominant TE11 mode will 

propagate.  

In second method, first the TE10 mode is fed to a rectangular 

waveguide and then using a rectangular to circular transition, the 

TE11 mode is propagated in to the circular waveguide from 

rectangular waveguide. The simulation is carried out by using 

CST microwave studio solver. More than 30% band-width is 

achieved for S11 better than 10dB. Radiation pattern of TE11 

mode is investigated for its mode by using a conical horn 

antenna. 

 

Keywords—Circular Waveguide, Mode Launcher, Waveguide 

Transition, Microwave Plasma Interaction 

 
I. INTRODUCTION 

 

A circular waveguide is a hallow tube, which confines the 

electromagnetic wave. A wave moves in the waveguide, it can 

have an infinite variety of pattern which is called modes. For 

every mode there is a cutoff frequency. When operating 

frequency is less than or equal to cutoff frequency, high 

attenuation takes place in the waveguide. When operating 

frequency is approximately equal to or more than 1.3 times of 

cutoff frequency, then there will be complete transmission, 

there will be no attenuation. So, waveguide can be assumed as 

a high pass filter.  

Transverse Electric (TE) and Transverse Magnetic (TM) 

modes exist in circular waveguide. For Transverse Electro 

Magnetic (TEM) mode two conductors are required. 

Propagation of TE or TM mode in a waveguide depends on 

feed mechanism. TE mode can be generated, by giving a feed 

transverse to the axis of circular waveguide and to generate 

TM mode, feed is given along the direction of axis of circular 

waveguide. In circular waveguide TE11 is dominant mode and 

TM01 is 2nd dominant mode.  

The second method is used to generate dominant TE11 

mode in circular waveguide using a rectangular waveguide 

and a tapered structure. The TE10 mode in rectangular 

waveguide has been generated using transverse feed and then 

a rectangular to circular transition is used which coverts TE10 

mode in rectangular waveguide to TE11 mode in circular 

waveguide. 

II. DESIGN OF MONOPOLE ANTENNA IN CIRCULAR 

WAVEGUIDE 

 

A. Initial Parameters of Monopole Antenna  
 

WC281 circular waveguide is selected for TE11 mode 

launcher. Its inside diameter is 71.42mm and cutoff frequency 

is 2.461GHz. Operating frequency must be from 2.83GHz to 

3.88GHz for TE11 mode in circular waveguide. The guided 

wavelength    at 3GHz in WC 281 can be calculated as  

   = 
  

√  (
  
 
)
 
 

    

√  (
     

 
)
 
 17.486cm 

where    is free space wavelength.  

Position of feed in circular waveguide from shorting edge is 

equal to 
   

 
  i.e. 4.372 cm.  

The design equation for monopole antenna is  

h + r = 0.24    (for infinite ground plane) [3] 

Where, h = length of monopole antenna  

r = radius of monopole antenna and r ≤       

Let r = 6.5 mm, then h = 35.46mm. 

B. Optimized Parameters of Transverse feed  
 

 The monopole antenna is used as transverse feed in the 
circular waveguide. TEM (at coaxial connector) to TE mode 
conversion take place in circular waveguide due to transverse 
feed. Fig. 1 shows the excitation of circular waveguide using 
monopole antenna. 

 Taking the initial parameters, simulation is carried out at 
3.2GHz frequency and optimization of these parameters (S11 
and S21) is done for improving the results at 3GHz as shown 
in Table 1. 
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Fig.1. Excitation of circular waveguide using monopole antenna 

Table: 1 Dimensions of transverse feed circular waveguide 

Parameters Initial Value 
(mm) 

Optimized Value 
(mm) 

Diameter of circular waveguide 71.42 71.42 

Position of feed 43.72 42.42 

Height of monopole antenna 35.47 34.71 

Radius of Monopole Antenna 6.5 6.5 

Total length of waveguide 200 200 

 

C. Analysis and Results  
 

 Simulation of transverse fed circular waveguide is carried 
out. Fig. 2 shows that the bandwidth for return loss of 10dB 
for TE11 mode is 540MHz. Fig. 3 demonstrates that the 
bandwidth for insertion loss of 0.5dB is 405MHz and wave is 
attenuated by 43dB at 3GHz for TM01. Higher order modes are 
highly attenuated. 

 
Fig.2. Return loss of transverse feed circular waveguide 

 
Fig.3. Insertion loss of transverse feed circular waveguide  

III. DESIGN OF REACTANGULARA TO CIRCULAR 

TRANSITION 

 

A. Design Parameters.  
 

Inner dimension of rectangular waveguide is 80mm x 

40mm. and its cutoff frequency is 1.875GHz. Guided 

wavelength can be calculated as 

   = 
  

√  (
  
 
)
 
 

    

√  (
     

 
)
 
 16.4cm 

Position of feed in rectangular waveguide from shorting edge 

is equal to 
   

 
   i.e. 41mm. 

Fig. 4 shows the excitation of rectangular to circular transition. 

Diameter of circular mouth of tapered structure is 71.42mm 

which is equal to standard diameter of WC281 waveguide. 

Table 2 shows the dimensions of rectangular to circular 

transition. 
  

 

Fig.4. Excitation of rectangular to circular transition 

 
B. Analysis and Results of Rectangular to Circular transition 

 Simulation of Rectangular to Circular transition is carried 
out. Fig. 5 shows that the bandwidth for return loss of 10dB 
for TE11 mode is 1GHz. Fig. 6 demonstrates that the 
bandwidth for insertion loss of 0.5dB is 930MHz and wave is 
attenuated by 68dB at 3GHz for TM01 and other higher order 
modes are highly attenuated. 

 

Fig.5. Return loss of rectangular to circular transition 

 

Fig.6. Insertion loss of rectangular to circular transition 
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Table: 2 Dimensions of rectangular to circular transition 

Parameters Designed Values(mm) 

Length and Width of Rectangular waveguide 80 & 40 

Diameter of Circular edge 71.42 

Position of feed 41 

Tapered length 100 

 
IV. MODE MEASURMENT IN CIRCULAR WAVEGUIDE 

 There are various methods for mode measurement of 
circular waveguide. Neon bulb, Probe, Burn Paper and Horn 
Antennas can be used for mode measurement. In case of Horn 
Antenna, a conical horn antenna can be attached with the 
circular waveguide and using its radiation pattern, its mode 
can be verified. In case of TM01 mode, there is an axial null 
and for TE11 mode, maximum power is available at the center. 

A. Design of Conical Horn Antenna for Mode Measurement 

 Directivity of Horn Antenna increases up to a certain 
aperture area, after that directivity decreases due increase in 
phase error. A conical horn antenna should be design for phase 
error less than 135

0
 [3]. Here a conical horn antenna is 

designed for 22.93
0
 phase error. Design parameters of conical 

horn antenna are shown in Fig. 7. 

 
Fig.7. Conical horn antenna with TE mode excitation 

B.  Analysis and Results  
 

 Simulation of horn antenna is carried out with TE11 mode 
excitation. The 3D radiation pattern is shown in Fig.8. The 
maximum power at the center shows that the horn antenna is 
excited with TE mode. Fig. 9 Shows that the bandwidth for 
return loss of 10dB is 450MHz. 15dBi Gain is achieved using 
this horn antenna, 3dB beamwidth in H plane is 29

0
and 3dB 

beamwidth in E plane is 26.8
0

 as shown in Fig.10. 

 
Fig.8. 3D Radiation pattern of transverse feed conical horn antenna 

 

Fig.9. Return loss of transverse feed conical horn antenna 

 

Fig.10. 2D Radiation pattern of transverse feed conical horn antenna 

V. CONCLUSION 

Circular waveguide with transverse feeding and 

rectangular-to-circular transition have been investigated for 

dominant TE11 mode. The bandwidth for fixed return loss in 

rectangular to circular transition is two times more than the 

transverse feed circular waveguide. But the transverse feed 

circular waveguide is a simple structure and easy to fabricate.  
For verification of mode, a conical horn antenna is attached 
with transverse feed circular waveguide. In simulated 
radiation pattern, maximum power at center verifies the TE11 

mode in circular waveguide. 
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Abstract 
 
 

Mass spectrometry is wide spread technique for quick analysis of the composition of gaseous 
mixture in a vacuum system. It is the most commonly used instrument to measure the partial 
pressures of residual gases in any vacuum system. Since, the output is a mass spectrum (which 
contains peaks at different mass numbers or mass to charge ratios, m/e, in amu) and not the partial 
pressures of the residual gases, one need to adopt some procedure to convert the spectrum to obtain 
the partial pressures. The conventional method of analysis is tedious and time consuming. For each 
gas species present in the system, one needs to identify a peak in the spectrum, which is not due to 
any other gas species present in the system. This is a always not possible and even when possible, 
make the procedure complicated. In this method, a set of linear equations is being constructed 
followed by solving them using matrix operations. This is a simple method compared to the 
conventional one and also eliminates the limitations of the conventional method. A Fortran program 
has been developed which identifies the likely gases present in the vacuum system and calculates 
their partial pressures from the data of the residual gas analyzers. Application of this method of 
calculating partial pressures from mass spectra data with a Quadrupole Mass Analyzer  (QMA) 
obtained from in several high vacuum systems will be discussed in this paper. 
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Abstract - Comparative test of COBRA using four different 

dielectrics has been done using simulation. This comparative 

study shows that PTFE and Polyamide as COBRA lenses shows 

higher directivity, whereas MICA has a more stable performance 

at higher voltage and temperature. Radiation efficiency of 

COBRA using PTFE is 91.19%, Polyamide is 91.03%  and by 

using MICA it is 68.96%. Also, the COBRA has been simulated 

with L-band MILO, and the mode conversion has been achieved.  

Keywords— HPM mode converter, Dielectric effect, Horn 

antenna 

I. INTRODUCTION  

High power microwave (HPM) devices require dielectrics for 

window, to maintain separation between vacuum and air [1]. 

HPM sources like Backward Wave oscillator, Magnetically 

Insulated transmission line oscillator (MILO) generate TM01 of 

circular waveguide. TM01 mode has doughnut shape radiation 

pattern with null at bore sight. Coaxial beam rotating antenna 

(COBRA) can be used as a dielectric window with mode 

conversion benefits from TM01 to TE11 likeness mode [4]. 

Clifton and Carl had shown the concept of coaxial beam 

rotating using dielectric in their notes [2]. Circular 

Polarization could be achieved in either left hand polarization 

(LHP) or right hand polarization  

(RHP) depends upon clockwise or anti-clockwise increase in 

dielectric thickness.  COBRA reflector can accept directly 

microwave energy in an azimuthally symmetric mode and 

radiate a high-gain elliptically polarized boresight peak [3]. 

COBRA lens based on the idea of COBRA reflector has used 

for radiating hundred-megawatt [4]. 

In this paper we have discussed the material performance as a 

COBRA lenses. Since circular polarization using sectoral 

plates are difficult in design, due to tapered structures as 

reported by Yuan et. al. COBRA lenses  are the best 

replacement of CP sectoral mode converter [5]. Comparative 

study has been done for four different materials PTFE, 

Polycarbonate, Polyamide, and MICA. Parameters used for 

comparison are radiation efficiency and directivity. The 

COBRA has been simulated with L-band MILO and the 

directivity performance has been compared. 

II. DESIGN  

 
 

(a) 

 

 
(b) 

 
Fig. 1: Structure of COBRA (a) 3D simulation view,  

(b) Part wise view COBRA with MILO as a source 

 

 
 

Fig. 2: Front view of COBRA lens. 
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Structure are designed and simulated in CST Microwave 

Studio. Four Dielectrics are placed as a lens and curved block 

having some specific thickness. Figure 1a shows the 3D view 

of COBRA while figure 1b shows the crosswise view of 

COBRA with MILO as a source. TM01 mode has been applied 

on the port -1, to test the performance of COBRA in Time 

domain solver of CST Microwave Studio. COBRA lens as 

shown in Fig 2 is divided in three sector of 120
0
 sectoral 

angle. Dielectric thickness h is calculated using equation (1-3) 

to achieve 120
0
 phase shift. Using dielectric curved block, two 

consecutive phase shift of 120
0
 has been achieved. This 

double stepped dielectric lens provides circularly polarized 

TE11 likeness mode [2].  We can calculate dielectric curved 

block thickness h as 

0 0rh h                           (1) 

 

 03

2
1rh


                             (2) 

 
01

3 1r

h


 
                             (3) 

Where r is the relative permittivity of material and λo is the 

wavelength in free space in Equation (3). This thickness h in 

equation (3) can be calculated for given operating 

frequency 1.75GHz
O

f  .    Table 1 shows the dielectric 

material properties and calculated thickness h of 120
ᴼ 

curved 

step. 

III. RESULT  & DISCUSSION 

Comparative test of COBRA using four different dielectrics 

has been done using simulation. Radiation efficiency of the 

COBRA has been shown in Figure 3. PTFE has higher 

radiation efficiency 91.19% followed by Polyamide 91.03% 

and the Mica lower radiation efficiency 68.96%.  Pattern gain 

of the COBRA has been shown in Figure 4. MICA has higher 

directivity 17.9dBi whereas PTFE and Polyamide has 17.4dBi. 

Polycarbonate COBRA lenses as reported by Yuan et. al. has 

lower performance in terms of directivity, whereas it has 

radiation efficiency 1% lower than PTFE lens. As per Table 1, 

in terms of dielectric strength and upper working temperature 

PTFE and Polyamide are better choice than Polycarbonate. 

 

Table I: Comparison of material characteristics 

 

Material 

Name 
Permittivity 

Dielectric 

strength 

(KV/mm) 

Upper 

working 

temperature 

(Centigrade) 

Thickness 

h 

Calculated 

by eq.(3) 

PTFE 2.1 19.7 2600-4800 126.17mm 

Polycarbonate 3.1 15.0 2400 77.4mm 

Polyamide 3.5 22.8 2600 65.07mm 

MICA 6 118 9000 39.09mm 
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Fig. 3: Comparison of radiation efficiency between different 

material in COBRA lenses. 
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Fig. 4: Comparison of radiation pattern gain between different 

material in COBRA lenses. 
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Fig. 5: Comparison of radiation pattern gain between MILO 

with COBRA lens and MILO without lens. 

The PTFE-COBRA has been simulated with L-band MILO, 

and by using PIC solver of CST Microwave Studio, the mode 

conversion has been achieved. In Figure 5 comparison of 

radiation pattern gain between MILO with COBRA lens and 

MILO without lens has been shown. This shows that only with 

horn MILO source radiate TM01 mode and have doughnut at 

bore sight, also confirmed by Figure 6. Whereas MILO source 

with COBRA lens radiate TE11 likeness mode and have higher 

gain at bore sight, also confirmed by Figure 7. 
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Fig. 6: 3D radiation pattern gain of MILO without lens. 

 
Fig. 7: 3D radiation pattern gain of MILO with COBRA lens. 

IV. CONCLUSION 

This paper shows the comparative test of COBRA using four 

different materials PTFE, Polycarbonate, Polyamide, and 

MICA. Radiation efficiency of COBRA using PTFE is 

91.19%, Polyamide is 91.03% and by using MICA it is 

68.96%. This comparative study shows that PTFE and 

Polyamide as COBRA lenses shows higher directivity, 

whereas MICA has a more stable performance at higher 

voltage and temperature.  
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Abstract 
 
 
In this paper, S-band tapered Magnetically Insulated Line Oscillator (MILO) has been designed and 
simulated using 3D PIC simulation code CST particle studio. The Tapered MILO is a new variant of 
MILO in which slow wave structure has been tapered. The diode load and the power extraction are in 
the axial direction [1]. The load current developed through the load diode is high enough to establish 
the magnetic insulation condition and further, the RF wave is amplified without any mode 
competition [1], [2]. The dispersion relations of the slow wave structure obtained through the 
analytical as well as simulation studies have been used to validate the design parameters of the 
device. With the typically selected beam parameters: diode voltage of 500 KV and diode current of 
35 KA, operating in TM01 mode at 2.65 GHz frequency, the device generated an average power of 
~2.6 GW with and electronic efficiency of ~14 %. 
 
References: 

 
[1] http://ieeexplore.ieee.org/abstract/document/700810/: IEEE Xplore 
[2] http://iopscience.iop.org/article/10.1088/0256-307X/26/5/055201/meta: Chin. Phys. Letter 

 
 
 

VEDA-2016

82



Simulation and Dispersion Relation of Rectangu-
lar Sine Slow Wave Structure using CST Studio 

Suite 
 

R. Mankare1 and Y. Choyal2 

School of Physics 
Devi Ahilya Vishwavidyalaya 

Indore, India 
1rahul.mankare@gmail.com 

2ychoyal@yahoo.com  

U. N. Pal3 

Microwave Tube Division 
CSIR-Central Electronics Engineering Research Institute 

Pilani, India 
3paludit@gmail.com 

 
Abstract—Theoretical and computational study have been car-

ried out for rippled rectangular waveguide slow wave structure 
(SWS) for Backward Wave Oscillator application. Using Floquet 
harmonic expansion for the terahertz fields, dispersion relation in-
side the vacuum region of waveguide has been derived for TM 
modes. A 3D unit cell of SWS is simulated in a 3D electromagnetic 
simulator CST STUDIO SUITE. Using eigenmode solver, para-
metric sweep of corrugation depth h has been successfully carried 
out to get dispersion curves at different values of corrugation 
depth h. 
 

Keywords—Terahertz Radiation, Slow-Wave Structure, 
Backward-Wave Oscillator. 

 
 

I. INTRODUCTION  

Terahertz radiation falls in between infrared radiation and 
microwave radiation in the electromagnetic spectrum and it 
shares some properties with each of these. Like infrared and mi-
crowave radiation, terahertz radiation travels in a line of sight 
and is non-ionizing. Like microwave radiation, terahertz radia-
tion can penetrate a wide variety of non-conducting materials. 
Terahertz radiation can pass through clothing, paper, wood, 
cardboard, masonry, plastic and ceramics. The penetration 
depth is typically less than that of microwave radiation. Te-
rahertz radiation has limited penetration through fog and clouds 
and cannot penetrate liquid water or metal [1]. Potential appli-
cations of terahertz radiation include high data rate communi-
cations, concealed weapon or threat detection, remote high-res-
olution imaging, chemical spectroscopy, materials research, 
deep space research and communications, basic biological 
spectroscopy and biomedical diagnostics [2-4]. 

There are numerous ways to generate terahertz waves, either 
from vacuum electronic devices (VEDs) or solid-state devices 
(SSDs). Both convert electrons kinetic energy to EM energy. In 
VEDs, electrons motion and electric fields present in vacuum; 
but in SSDs, electrons stream and electric fields present in solid 
semiconductor. In terahertz region (0.1 THz - 3 THz), mainly 
using sources are frequency multiplier conventional solid-state 
devices, Gunn diode, Impatt diodes, GaAs amplifier, GaN am-

plifier, terahertz quantum-cascade laser, and difference-fre-
quency generation. One of the most established VED sources 
of terahertz radiation is the backwards-wave oscillator (BWO). 
A BWO is a VED that is used to generate microwaves up to the 
terahertz frequency range [5]. 

In this paper, analysis of rippled rectangular waveguide 
slow wave structure (SWS) is carried out. Using Floquet 
harmonic expansion for the terahertz fields, dispersion relation 
inside the vacuum region of waveguide has been derived for 
TM modes. A 3D unit cell of SWS is simulated in a 3D 
electromagnetic simulator CST STUDIO SUITE. Using 
eigenmode solver, parametric sweep of corrugation depth h has 
been successfully carried out to get dispersion curves at 
different values of corrugation depth h. 

In section II, analytical dispersion relation is obtained. In 
section III, CST modelling of the SWS is given and is followed 
by conclusions.  

II. DISPERSION RELATION 

Consider a rectangular sinusoidal corrugated waveguide SWS, 
axially periodic in z direction with periodically varying bound-
ary in x-direction. The waveguide narrow side length, wide side 
length, amplitude of corrugation and period of SWS are denoted 
respectively by a, b, h and z0 in fig 1(a) and 1(b).  

 

The expressions for rippled boundaries in x direction is given 
by: 

( ) = + ℎ cos ( )  for upper boundary 
( ) = ℎ cos ( )  for lower boundary 

where  =      (1) 
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Assuming the temporal and spatial dependence of EM field in 

the waveguide as ( ), to derive dispersion relation we 
solved Maxwell’s equation inside the vacuum region of wave-
guide and get the couple equations of electric and magnetic 
field, as given below: 

= +   = −  

= −   = −   

      (2) 

where = −  is cutoff wavenumber of waveguide, c is 

speed of light in vacuum and  is axial wavenumber.  
Here we are restricting our analysis to TM (Transverse Mag-
netic) modes only, so we can express  and  in term of axial 

electric field . On solving these equations, wave equation for 
TM mode can be derive as, 

+ + = 0   (3) 

Using separation of variable method, we can get the solution of 
this differential equation as, 

( , ) = [ sin( ) +  cos( )] sin +

 cos( )      (4) 

For a periodic structure, the EM field component of the TM 
modes of the structure can be express by an infinite sum of the 
Floquet harmonics as; 

( , , , ) = ∑ ( , ) ( )  (5) 

where, = + , = 0, ±1, ±2, ±3 … … … … is Floquet 
harmonic number. Above equation signifies that an EM wave 
with angular frequency ω in the SWS has infinite numbers of 
displaced spatial harmonic components with wavenumber 

= +  [6]. 

The boundary condition of the problem required that the tan-
gential component of electric field at metal-vacuum interface 
will be zero. Therefore, the required boundary conditions are: 

I. At = 0,   = 0 
II. At = ,   = 0 
III. At = + ℎ ( ) = 0 

 IV At = ℎ ( )  = 0 

where = + = 0 shows tangential boundary condi-

tion for both rippled boundary.  
Now from equation (4), for I and II boundary condition we get 

= 0 and =  respectively, so equation (4) become; 

( , , ) = ∑ [ sin( ) +

 cos( )] sin    (6) 

On simplifying = + = 0, for satisfying III and IV 

boundary conditions, we get 

∑ [ sin( ) +  cos( )] +

sin( ) + cos( ) sin = 0 

      (7) 

where =  , To eliminate the dependency of z ,above 

equation is multiplied by  and integrating from =  to 

=  ,then the expression will be obtain as follows : 

∑ , + , = 0  (8) 

∑ { , + [ , ]} = 0  (9) 

Where 

, = [1 + ( − )] ,  

, = [1 + ( − )] ,  

, = [1 + ( − )] ,  

, = [1 + ( − )] ,  

and 

=  

, = sin[ + ℎ ( )] cos[( − ) ]  

, = cos[ + ℎ ( )] cos[( − ) ]  

, = sin[ ℎ ( )] cos[( − ) ]  

 , = cos[ ℎ ( )] cos[( − ) ]  

The boundary condition given in (8) and (9) can be expresed in 
matrix form as follows. This is the final form of disperion 
relation [7]. 

, ,

, ,
= 0    (10) 
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III. CST MODELLING OF SWS 

Design and cold simulation of waveguide is performed using 
eigenmode solver from 3D simulation software CST 
Microwave Studio [8]. The structure dimentions of sine 
waveguide, shown in Fig 1, are as follows: narrow side length 
a=110 μm, wide side length b=160 μm, amplitude of corruga-
tion h=9 and period of SWS = 80 . The dispersion 
characteristic of TM11 mode for these structure parameters are 
calculated by eigenmode solver  for a unit cell as shown in Fig. 
2 with appropriate boundary conditions. In Fig. 3 frequency ω 
as a function of  is shown. As the value of corrugation 
amplitude h is increases the cutoff frequency of the mode 
decreases, it is also seen that the coupling of Floquet harmonics 
is also decreases with the increase in h. 

 

IV. CONCLUTION 

In present work we obtain an analytical dispersion relation for 
a vacuum filled sinosoidally corrugated rectangular SWS. A 
modelling of this SWS is done considering perfect electric 

conductor (PEC) as a background material. Using eigenmode 
solver of CST Microwave Studio, simulation is carried out over 
a single period of the SWS. Symmetric boundary condition has 
been used to reduced the simulation time. Dispersion 
characteristic for TM mode is carried out at the different values 
of corrugation amplitude h. 
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Abstract— Counterpropagating electromagnetic waves in a 
plasma filled metallic waveguides affect the density of the plasma 
via the ponderomotive potential; the consequent density 
modulations can be expressed as  ( ) =  ( +   ),  
where ≪  is assumed. Under such a density variation, the 
dispersion relation for TM modes is obtained. Interaction 
between injected electron beam and the periodic plasma 
waveguide mode is studied by considering N number of 
uniformly distributed electrons. The change in energy of 
synchronous electrons i.e. ≈   is obtained.  

Keywords—cylindrical waveguide, ponderomotive potential, 
high power microwaves, electron beam, synchronism  

I.  INTRODUCTION  

Standing electromagnetic waves in cylindrical waveguides 
filled with plasma can create periodic density modulations. 
This changes the electrodynamic properties of the waveguide 
as the RF waves travel in this periodically modulated plasma 
[1, 2]. The dielectric tensor elements of plasma now have 
periodicity. 

We analyze the plasma by following the methods considered 
in studying waves propagating in periodic dielectrics. There 
are various approaches to analyze such dielectrics [3, 4]. 
Coupled mode theory has been applied extensively for 
periodic waveguides [5]. The Spatial Harmonic theoretical 
approach has been used to investigate the propagation 
characteristics in periodic dielectrics [6]. 

In this work, we obtain the dispersion relation for a 
periodically varying dielectric loaded cylindrical waveguide. 
Most of previous studies are for periodic dielectrics that have 
infinite transverse dimensions. In section II, we present the 
dispersion relation of periodically loaded dielectric metallic 
waveguide and formulation for the interaction of beam 
electrons with RF fields for the case of plasma as dielectric is 
given. In section III, we present results and discussions are 
presented. Conclusion of the paper is contained in section IV.  

 

II. DISPERSION RELATION 

Consider a perfect conducting cylindrical waveguide filled 
with periodically varying dielectric having periodically 
varying dielectric constant ε = ε + ε cos(k z)  where  
and  are uniform dielectric constants, k = 2π/z , and z0 is 
spatial periodicity. Restricting to cylindrical symmetry 

transverse magnetic mode (TM01), for the dispersion relation 
of electromagnetic waves we start with the Maxwell’s 
equations.  

∂ D  =  ∇ E − ∇  ∇ ∙ E        (1) 

The axial component is 

   
     

 
 −  ∇ E −   ε E = 0    (2) 

Simplifying we get, 

∇ E + +     +   −    +

   ε  E = 0      (3) 

Where we have used ∇ =  ∇ +  ∇  

Further simplification is carried out by assuming 

α =  
ε

ε
 , k z = u  

 
ε

=  
ε

∑ (−1) α cos(u)∞     (4) 

= =  ∑ (−1) (s + 1)α  cos(u)       (5) 

And representing, due to Floquet periodicity [7], the electric 
field as 

E =  ∑ A  (r) exp(ιk z − ιωt)     (6) 

where k =  k + nk , , = 0, ±1, ±2, etc. and A  (r) =
 C  J  (k r) , where transverse wave number k  is presently  
unknown. 

Substituting above equations, the axial component of the wave 
equation is  

∑   { (− k +  β ) e ( )  −

 ∑ (−1)  ∑ C      (k +  k  )e ( ) +

       (k −  k )e ( ) +
k α (s + 1) e ( ) −

  
( )  ( )

   +

       
 

ε  e ( ) +  e ( )   }   A = 0   (7) 
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where β =  ε −  k . Multiplying the resultant equation by 

e  and by integrating it from – π to π, we get  

∑  ( −k + β ) δ , + T ,  A = 0   (8) 

Here 

T , =  − ∑ (−1)  ∑ C     (k +

 k  )δ ,( ) +      (k −  k )δ ,( ) +

                k α (s + 1) δ ,( ) −

 ,( )  ,( )    +  
 

δ ,( ) +

 δ ,( ) )  

 

Although the above is infinite set of equations with summation 
over infinite terms, for numerical computation we consider 
2N+1 terms. Equation (8) then can be written as 

β + T , − k ⋯ T ,

⋮ ⋱ ⋮
T , ⋯ β + T , − k

 
C

⋮
C

= 0 (9) 

The above eigenvalue problem results in 2N+1 eigenvalues 
k  corresponding C  eigenvectors  

Thus An’s can be written as  

A  =  ∑ [ W  C  J (k r)]  

The boundary condition that the axial electric field is zero at 
r=R0 results in 

E | = ∑ ∑ [ W C  J (k R )] exp(ιk z − ιωt) =
0   

Multiplying by e  and integrate it from   to , we get 

∑ ∑ [ C  J (k R )]δ , W = 0    (10) 

In matrix form, we can write 

[Cnj][Wj] = 0     (11) 

We consider N=2 for simplification, we get  

 

 

[C]  

=

C , J (k R ) C , J (k R )
C , J (k R ) C , J (k R )

C , J (k R )
C , J (k R )

C , J (k R ) C , J (k R )
C , J (k R ) C , J (k R )

C , J (k R ) C , J (k R )
C , J (k R ) C , J (k R )

C , J (k R )
C , J (k R )

C , J (k R ) C , J (k R ) C , J (k R )

C , J (k R ) C , J (k R )
C , J (k R ) C , J (k R )
C , J (k R ) C , J (k R )

 

      (12) 

[W]  =   

W
W
W
W
W

       (13) 

The determinant of matrix (12) should be zero. i.e.  

det[C] = 0     (14) 

is the dispersion relation [8].  

For the case of plasma having density variation n(z) =
 n (1 +  α cosk z) where  is the equilibrium density,  is 
the amplitude of perturbation, k = 2π/z , and z0 is spatial 
periodicity. With applied magnetic field, B=0 The dielectric 
tensor is 

ε = ε  
1 0 0
0 1 0
0 0 1

       (15) 

here 

ε = ε + ε cos(k z) in which  ε = 1 −
ω

ω
 , 

ε = − , ω =   and ω =  

Relativistic electron beam is made to interact with periodically 
varying plasma waveguide modes and the results are presented 
in section III. The electric field obtained for periodic dielectric 
case is same for the periodically varying plasma as well.  

Thus the coefficients An’s are known. Substituting these 
values in field equations, corresponding value of electric field 
can be obtained i.e. Ez(r,z,t). Initially distributing M equi-
spaced beam electrons having some initial velocity inside the 
periodic structure, we track their positions as well as their 
velocity.  

= − ( , , )     (16) 

=         (17) 

E = ∑ ∑ [ W C  J (k r)] exp(ιk z − ιωt) (18) 

The relativistic electron beam interacts with these known 
values of the field inside the cylindrical waveguide. This 
interaction has been numerically analyzed and discussed in 
below section. 
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III. RESULTS AND DISCUSSION 

In the following computation, we assume the following set of 
parameters: Beam accelerating waveguide radius R0 =1.5cm, 
periodicity z0 =1.8cm and other parameters are different for 
different graphs. We carry out real wave analysis and obtain ω 
as a function of real kz. 

In Fig 1 the dispersion characteristic for periodic dielectric is 
shown, in which frequency as a function of wavenumber is 
drawn. In Fig. 2, density variation in plasma and distributed 
electrons are shown in part (a). Interaction with the field 
results in energy exchange between field and electron energy. 
We define ∆ /  as a function change in relativistic factor of 
beam electrons, averaged over the number, and plot them as 
the function of normalized time in part (b) of the figure. The 
time is normalized by the interval . Here  is the phase 

velocity of the EM wave. We consider the interaction of M = 
100 electrons. Even the electrons having velocity equal to 
phase velocity   of the EM wave are losing energy. 

 

Fig. 1: Dispersion curve for ε1=1.5 and ε2=0.1. 

 

Fig. 2: Periodic plasma density as function of z with 
beam. 

 

Fig. 3:  ∆ /  variation with normalized time (time 
period), the time has been normalized with the 
grating period of plasma. One period is the time it 
takes to cross z0 for the synchronous electron. 

IV. CONCLUSION 

The spatial harmonic approach has been used to investigate 
the characteristics in cylindrical waveguide filled with 
periodic plasma. We have presented and analyzed the 
dispersion relation of the sinusoidally modulated plasma 
grating waveguide. The dispersion relation shows that the 
system supports slow TM01 modes that can interact with the 
electron beam via Cherenkov interaction. Interaction of 
relativistic beam electrons with EM field is also presented and 
its dependence is studied on various parameters. 
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Abstract— In this paper, the characteristic of reltron has been 

investigated in Ku-band using particle simulation. Reltron is a 

compact, efficient and simple HPM source. The RF interaction 

section is a coupled cavity structure used for the intense electron 

bunching. It resonates in three different modes according to their 

electric field patterns i.e., 0, π/2, and π, while π/2 is the preferred 

resonating mode. The reltron device has been designed and 

simulated using commercially available particle-in-cell (PIC) 

code CST Particle Studio. The simulation predicted an RF output 

power of ~370 MW with ~39% efficiency, when the beam 

parameters are selected as: cathode voltage of 200 KV, post-

acceleration voltage of 750 KV and the beam current of 1 KA. 

Keywords— High power microwave (HPM); microwave tube, 

klystron, reltron,  (key words) 

I.   INTRODUCTION 

High power microwave (HPM) sources have various 
defense and civilian applications and lots of research activities 
has been performed in last few decades. In present, there are 
various HPM source like Relativistic Backward wave 
Oscillator (RBWO), Vircator, MILO, Reltron and etc. Out of 
these microwave sources reltron is one of the highly efficient 
microwave source. The other attractive feature of Reltron as 
comparison to other microwave source is its simple device 
design and compact size. 

Reltron is a slow wave microwave oscillator and newest 

member of klystron family. The formation of beam bunches 

and extraction of microwave from beam bunches are same in 

both devices. Unlike the klystron (i) the reltron modulating 

cavity is coupled cavity; (ii) beam undergoes velocity 

modulation twice; (iii) does not require any external magnetic 

field for guiding the electron beam; and (iv) use of post 

acceleration technique for reducing the relative kinetic energy 

spread of beam [1,2,5]. 
 

    In year 1992, titan invented the super reltron and has 

developed a suite of tubes that is operated between L to X 

band [1]. In this paper, we investigate the highly efficient 

Reltron in Ku band. We perform a beam absent simulation and 

beam present simulation using Eigen mode solver and 

particle-in cell (PIC) CST Microwave Studio respectively [7]. 
 

In this paper, section II discussed about operation principle 

of the device, along with its various subassemblies. In section 

III, the single particle analysis for modulating cavity is 

presented. In Section IV, discussed about cold and hot 

simulation results and the work are summarized in section V. 

 

 
Fig. 1.  3D Schematic diagram of a Reltron. 

II.   OPERATION PRINCIPLE 

The 3D schematic diagram of a reltron is shown in Figure1. 
The reltron consist of cathode, modulating cavity, post 
acceleration gap extraction cavity and collector. A high voltage 
pulser is used to provide a DC pulsed voltage for the cold 
cathode and for the post acceleration gap. The cathode is a field 
emissive cathode use to produce very high density electrons 
under the explosive emission condition.  

In reltron, modulating cavity is used to convert the 
continuous electron beam into bunches. The modulating cavity 
comprises with a main cavity and a coupled cavity which is 
radially mounted on the top of the main cavity. The main 
cavity has three grids, placed in middle, front, and back of the 
main cavity which traps the EM waves in between them while 
allowing electron to pass through [1,4]. This three cavity 

system has three resonant modes, or 0-mode, /2-mode and -
mode as shown in figure 2. From figure 2, it can be easily 
conclude that for 0-mode the electric field in the main cavity 

and coupled cavity are in phase while in mode the electric 
field in the main cavity and coupled cavity are out in phase. 

However in /2-mode electric field in coupled cavity is zero 
and electric field in front and back main cavity is out of phase. 

In Reltron, the mode of operation is /2-mode, because /2- 
mode is only unstable mode [1]. 
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Fig. 2. The Electric field pattern of three resonant modes in modulating 
cavity 

A post-acceleration voltage is applied immediately after the 

modulation cavity. This high voltage DC pulse causes all the 

electron bunches to move at approximately speed of light, 

thereby freezing the temporal bunch structure of the electron 

beam. Therefore relative position of each electron bunch are 

maintained which help in reduction of relative kinetic energy 

spread and thus also increases the beam energy [1,5]. 
 

The electron bunches passing through the post-acceleration 

gap are highly relativistic, and power can be extracted from 

these bunches as they enter the RF extraction cavity. The 

extraction cavity is a rectangular waveguide through which 

power can be coupled out directly in its dominant TE10 mode 

[1,3]. 

 

III.  SINGLE PARTICLE ANALYSIS  

 

We perform a 1D single particle analysis for a modulating 

cavity to verify that the modulating cavity will self-excite. We 

assume that modulating cavity to be lossless so any change in 

the electron’s kinetic energy will results in a decrease/increase 

in the EM energy stored in the modulating cavity when the 

electrons leaves the modulating cavity. We divide the 

longitudinal space in the modulating cavity into many spatial 

cells of length z . The time step is determined by courant 

stability condition /t z c   . We launch an electron into the 

modulating cavity for a specific phase angle ' '  and track the 

electron’s velocity and displacement as it transits the 1st
gap 

and 2nd
gap of the cavity. The kinetic energy is calculated form 

its velocity as it leaves the 2nd
 gap and compares it with its 

initial kinetic energy.  

Inside the modulating cavity’s 1
st

gap 0 z g  , we assume 

there is a saturated electric field whose amplitude does not vary 

with time    0 sinz zE t E wt   . Considering the relativistic 

correction factor ( ), the electron velocity is express as 

                                 
ev c                                             (1) 

where           

         
2

1
1


      

 

 According to law of conservation of energy the energy gain or 

loses by the electron is express as [6] 
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( )e

e z
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dt
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(2) 

 

where subscript n denotes the present state of the variable and 

n + 1 the subsequent state.  From
1n 
 , we can calculate the 

electron velocity in the n + 1 state. The position of the electron 

is given as 

 

e

dz
v

dt
                                                                                   (3) 

1

1
2 1

n

n

t

n n

t

z z c d









 
   
  

                                                (4) 

 

Using zn+1, equation (4) we can track the electron’s position as 

it traverses the 1
st

 gap. 

 

For the modulating cavity’s 2nd
 gap 2g z g  , the electric 

field is 180
0
 out of phase with the first gap we represent the 

electric field in the second gap    0 sinz zE t E wt    . 

Considering the relativistic correction factor ( t
), and repeat 

the process as in first gap we get an equation who describes 

the velocity and motion in second gap.  

 

1/2
2

2 0

1 11 1 cos( ) cos( )e z

n n n n

e

q E
wt wt

m cw

     

  
        
   

 

1

1
2 1

n

n

t

n n

t

z z c d


  












 
   
  

  

 

Using the velocity and position equation, we perform an 

analysis for a 200 keV beam. The amplitude of the electric 

field 
0zE  inside both gaps is 8.01 MV/m and the frequency 

14.6 GHz. Figure 3, shows a plot of the phase space for with 

has 0.45  . 
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Fig. 3. Electron velocity for phase angle 0.45    

The velocity in the graph is normalized to the speed of light. 

The electron enters the first gap with an initial velocity of 

0.6953c and experiences deceleration as it traverses the first 

gap and acceleration inside the second gap. It exits the second 

gap with a final velocity of 0.545c. The electron leaves the 

cavity with a velocity lower than its initial velocity. The cavity 

gains EM energy from the kinetic energy lost by the electron. 

 

We repeat our analysis for the entire phase period from 0 to 

2. Figure 4, plots the electron's kinetic energy normalized by 

its initial kinetic energy for the different phase angles. 

 

 
 

Fig. 4. Electron kinetic energy for different phase angles.  

From Figure 4, we see electrons gaining kinetic energy for 

phase angles 0.16 0.33     and 1.12 1.37    . For 

all other phase angles, the electrons lose energy to the cavity. 

Since the energy exchange is very imbalanced with electrons 

gaining energy over a narrow phase range, a 200 keV beam 

will cause the cavity to self-excite. 

 

 

IV. CST SIMULATIONS OF RELTRON  

A. Eigenmode Simulation 

For beam absent simulation CST Eigenmode solver is used to 

study its electromagnetic behavior. Since modulating cavity 

has three pillbox cavities so it must be resonant at three 

frequencies corresponding to three different modes, i.e., 0, π/2 

and π [1]. From Figure 5, it is observed that 0-mode, π/2-mode 

and π-mode resonant at 14.4791 GHz, 14.6081 GHz, and 

15.38417 GHz respectively. 

 

Fig. 5. Electric field pattern and resonant frequency obtained by Eigenmode 

solver. 

B. PIC Simulation  

For a beam present simulation “CST particle Studio”, which is 

a commercial 3D PIC code is used. We select the Explosive 

emission model with 1 ns rise time to emit the electrons and 

use a DC step signal of 100 ns duration with rise time of 1 ns 

as an excitation signal.  We used total beam voltage 950 kV in 

which 200 kV voltage is applied for anode cathode gap and 

rest voltage i.e. 750 kV is applied to the post-acceleration gap. 

The initial beam current of 1 KA is applied at the cathode. 

 

 
 
Fig. 6. Plot of electron’s phase space. (a) First half cycle. (b) Second half 

cycle. 

At the time of PIC simulation we use PIC phase space 

monitor function given in CST Microwave Particle Studio. 

The phase space monitor records the kinetic energy of electron 

with respect to their position. Figure 6, shows that the 

electrons accelerated very rapidly in anode-cathode gap. In the 
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first half cycle shown in Figure 6(a), as the electrons enter into 

the modulating cavity the deceleration of electrons take place 

in the 1st  gap and acceleration in the 2nd gap. Due to this, V-

type kinetic energy distribution of electrons is obtained in the 

modulation cavity. In the 2nd gap the electrons experience a 

larger change in kinetic energy. In the next half cycle shown 

in Figure 6(b), a reverse Lorentz force is experienced by the 

electrons and get accelerated in the 1st  gap and decelerated in 

the 2nd  gap [4]. The acceleration and deceleration processes 

lead to double velocity modulation in the modulating cavity. 

This velocity modulation generates highly bunched electron 

bunched and introduces an energy spread in the electron 

bunches. This energy spread is minimized through the 

application of post-acceleration gap which also increases the 

beam power [5]. 

 
 

 
Fig. 7. Electric field amplitude versus time plot at the output port. 

Fig. 8. Frequency spectrum of electric field amplitude. 

 
Fig. 9. RF output power developed at the output port. 

 

Using post processing function available in CST we obtained 

the amplitude of electric field developed at the output cavity is 

shown in Figure 7.  The frequency spectrum is obtained by 

taking the Fast Fourier Transform (FFT) of the electric field. It 

can be seen from Figure 8, that operating frequency is at 13.89 

GHz. After electromagnetic simulation temporal RF output 

power is developed at TE10 mode as shown in Figure 9. With 

the chosen beam parameters, total beam voltage = 950kV, 

cathode voltage = 200kV, post-acceleration voltage = 750kV 

and beam current = 1000A the RF output power developed 

through the present simulation is ~370MW, and the 

corresponding extraction efficiency is ~39%. 

V. CONCLUSION 

 In this paper, we have designed a self-excited Ku band 

Reltron using single particle analysis through PIC CST 

Microwave Studio simulations. From CST PIC Simulations 

we show that the operating range of the Reltron can be 

extended to Ku band. From Simulation we obtained output 

microwave power about ~370MW with efficiency ~39%. 
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Abstract— In this paper, the design and simulation studies of a 

millimeter wave gyrotron is presented for ECRH applications. 

The RF interaction cavity is designed to operate in a higher order 

TE10,4 mode resonating at 140 GHz. The Particle-in-Cell (PIC) 

simulation is used to study the transient behavior of the device. 

The hot simulation produced a continuous wave (CW) RF power 

of ~ 455 kW in TE10,4 mode at 139.63 GHz. The magnetic field 

has been optimized as ~5.52 T with the beam voltage of ~80 kV 

and current of ~20 A. .    

Index megawatts gyrotron, electron cyclotron resonance heating 

(ECRH), electron-cyclotron-current-drive (ECCD) international 

thermonuclear experimental reactor (ITER), mode competition and 

particle-in-cell. 

I. INTRODUCTION 

The theoretical discussion of the cyclotron maser 

interaction was started in late 1950s, the gyrotron have been 

recognized as a promising source of high power millimeter 

wave radiation source [1]-[3]. Among the many applications 

for gyrotron oscillator [4], electron-cyclotron-resonance-

heating (ECRH) and electron-cyclotron-current-drive (ECCD) 

are main applications to motivate the development over the 

past several decades. ECRH have some another imminent 

technique combined with other methods namely heat ions such 

as nuclear bean injection (NBI) and ion cyclotron resonance 

heating (ICRH). Some international organizations have 

focused their research on controlled thermal nuclear fusion 

reaction known as international thermonuclear experimental 

reactor (ITER). The ITER tokamak needs to rely on other 

external heating sources to bring the plasma to temperature 

(~150 milion
0
 C) for fusion [5]. One of main problems which 

has limited the wider application of ECRH is the paucity of 

the suitable source of power, which can generate sufficient 

power in 100-300 GHz regime [6]. In the present ECRH 

system, 110 GHz to 170 GHz gyrotrons are play a key role to 

generate sufficient power. 

Some countries like Russia, the United States, Germany 

(EU) and Japan have focused their research of a 110-170 GHz 

megawatts gyrotrons. Their aims are to enhance the power, 

efficiency and stability of the gyrotron oscillator. 

Forschangszentrum Karlsruhe developed in a first step a 140 

GHz gyrotron for output power 500 kW with efficiency 31%. 

Further, they developed 140 GHz gyrotron for W7-X with an 

output power 1 MW and efficiency 35% [6]. Many of other 

design and fabrication techniques successfully employed by 

CPI to produce the 110 GHz 1 MW 10 sec pulse gyrotron for 

the DIII-D tokamok at general atomics [6]. 

In this paper, the particle-in-cell (PIC) simulation of high 

frequency interaction cavity is reported using CST Microwave 

Suite. The selection of mode and design parameters is verified 

by analysis of dispersion characteristics and cavity field 

profile of interaction cavity. Eigenmode analysis has been 

done to observe the confinement of mode at desired frequency. 

In the hot analysis, 455 kW power is observed in operating 

TE10,4 mode at 139.64 GHz and very less power is observed in 

other competing modes. 

II. MODE SELECTION AND DESIGN 

The design includes the selection of operating mode at 

desire frequency. The operating wavelength at 140 GHz is 

2.14 mm. The radius of the cavity is determined 

by '

, =  x 2o m nR , where '

,m nx  is the nth root of '

mJ x . The 

electron beam radius for TEm,n mode is given by 
' '

1, , =  Re m n o m nR x x  when the harmonic number s=1. The 

dispersion characteristics must satisfy the 

equation 0z z ck v s      and 2 2 2 2 2k c k c
z

 where 
zk is the 

axial propagation constant,
 

k  is the transverse propagation 

constant and zv is axial velocity of electron beam, 
c is the 

electron cyclotron angular frequency and s is the electron 

cyclotron harmonic number [7]. The dispersion curve of 

gyrotron is shown in Fig. 1 for beam voltage (Vo) 80 kV, beam 

current (Io) 20 A at Bo = 5.52 T. 

 
Fig. 1. Dispersion diagram of gyrotron oscillator with showing the region of 

interaction between a resonant cavity mode and a beam cyclotron mode. 
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The design gyrotron have three sections namely down 

taper, interaction structure and uptaper. To the maximum 

interaction of RF wave with the electron beam, the amplitude 

of the normalized RF field should be maximum in mid of the 

interaction cavity. 

In the analysis of RF field profile, the differential equation 

in the cold cavity is [8] 

               
2

2

2
 + k  = 0   

d f z
f z

dz
                                         (1)  

With the boundary condition at z = 0 and z = zout 
 

                    

( )
 + ikf(z) = 0

0

( )
 - ikf(z) = 0

df z

zdz

df z

z zdz out

                                       (2) 

Here f z  is the RF field profile and 

1 / 2
2 2 2 2 =  - x (z)k c R

mn
 is the wave number and 

1
 = 2 f  1  

o Q
d

 is the complex frequency, where f
o

 is the 

operating frequency of the gyrotron cavity and Q
d

 is the 

diffractive quality factor of the interaction cavity [8]. By 

solving the equation (1) and equation (2), RF field profile is 

obtained along with the axial z, which is shown in Fig. 2.   

 

Fig. 2 Axial view of designed gyrotron cavity with Cavity axial profile of 

gyrotron 

The optimized interaction space of gyrotron cavity is z = 

0 to z = 39 mm. The radius and length of the interaction 

cavity is ~8.11 mm and 16 mm respectively. The optimized 

length and angle of the down taper is 10 mm and 5o
  

respectively. The length of uptaper is 12 mm with an 

angle 3o . The length of interaction cavity, taper and taper 

angle has been determined by optimized cavity field profile 

shown in Fig. 2. 

Table 1 [9] 

Design 

Parameters 

Down Taper 
Length (mm) 10 

Angle 5
0
 

Interaction 

Cavity 

Length (mm) 16 

Radius (mm) 8.11 

UP Taper 
Length (mm) 12 

Angle 3
0
 

PIC 

Simulation 

Parameters 

Voltage  80 kV 

Current 20 A 

Magnetic Field 5.52 T 

III. PARTICLE-IN-CELL (PIC) ANALYSIS 

A. Modeling 

Finally, the gyrotron cavity is design in CST Microwave 

Suite as shown in Fig. 2. The complete RF section is modeled 

using annealed copper with conductivity,    σ = 5.8 x 10
7
 S/m. 

The design parameters and PIC simulation parameters of 

gyrotron has been given in table 1 [9]. In the present design 

the radius of interaction cavity and electron beam radius for 

TE10,4 mode is calculated as 8.11 mm and 3.65 mm 

respectively. The outer radius and inner radius of electron 

beams are ~3.91 mm and ~3.38 mm respectively. A total 56 

emission points has been defined in the cathode and the total 

mesh cells are 4404200 with three cells per wavelength. The 

optimized parameters of the designed gyrotron have been 

given in Table 1 [9]. 

 

B. Results and Discussions 

The PIC simulation of 140 GHz gyrotron is performed to 

observe the transient behavior of the designed cavity. The beam 

parameters are chosen for helical electron beam as 80 kV and 

20 A. The pitch factor and magnetic field was optimized as 1.5 

and ~5.52 T. The electric field pattern of TE10,4 mode is shown 

in Fig. 2 (b). The desired mode TE10,4 is come at the port no. 

279 and 280 due to asymmetry of mode. Some other major 

competing modes like TE9,4 and TE7,5 are come at the port no. 

252 and 273 respectively. The signal developed at output port 

in desire mode and other competing modes as shown in Fig. 3 

(a). The output power has been evolving with time. The output 

power starts increasing after ~25 ns approximately and reaches 

the steady after ~75 ns approximately. The maximum 

amplitude (~675 V) is shown in desire mode TE10,4 at port no. 

279. By post processing, the total output power is calculated by 

adding the square of amplitude of signal at port no. 279 and 

280 with respect to time [10]. The saturated output power of 

TE10,4 mode is shown in Fig. 3 (b). The maximum gain is 

observed in TE10,4 mode and very less power in other 

competing modes. 
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(a) 

 
(b) 

Fig. 3. (a) Amplitude verses time plot of TE10,4 mode (b) Power verses time plot 
of TE10,4 mode. 

 

 
Fig.4 Diagram of resonating frequency and contour plot of  TE10,4 mode. 

 
Fig. 5 Plot of power of desire mode and competing modes using non-linear 

theory [11]. 

 

The resonating frequency of the gyrotron has been observed 

139.64 GHz and mode pattern of TE10,4 mode, which can be 

seen in the Fig. 4. The output power has also been calculated 

theoretically [11].  In the Fig. 5, the theoretical power is 

calculated and plotted of TE10,4 mode as compare to other 

competing modes. The theoretical powers 457 kW of TE10,4 , 

126 kW of TE7,5 and 392 kW of TE9,4  are observed at 140 

GHz, 137.5 GHz and 132.6 GHz respectively. We have found 

that maximum power is generated in TE10,4 mode as compare to 

other competing modes. 

IV. CONCLUSIONS 

A 140 GHz gyrotron is designed, and simulated using a 

commercial PIC code. A continuous wave peak output power 

of around 455 kW was observed during the simulation at 140 

GHz in the operating higher order TE10,4 mode. The very less 

power is observed in competing modes of TE10,4. The results 

shows that the TE10,4 can achieve the single mode operation. 

The PIC simulation results considerably match with results 

obtained by theoretically. The efficiency of the present design 

has been obtained as ~ 28.4%. The design cavity is further 

simulated for different value of velocity spread. 
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Abstract— In this paper, the design and simulation studies of a 

millimeter wave gyrotron is presented for DNP/NMR 

applications. The RF interaction cavity is designed to operate in a 

higher order TE72 mode resonating at 260 GHz. The Particle-in-

Cell (PIC) simulation is used to study the transient behavior of 

the device. The hot simulation produced a continuous wave (CW) 

RF power of ~ 114 W in TE72 mode at 260.05 GHz. The magnetic 

field has been optimized as ~9.53 T with the beam voltage of 

~15.5 kV and current of ~100 mA.    

Index Terms—Dynamic nuclear polarization / Nuclear 

magnetic resonance (DNP/NMR), Millimeter wave, PIC 

simulation. 

I. INTRODUCTION 

High power millimeter and sub-millimeter wave gyrotrons 

have already been developed for the use in Fusion research, 

plasma heating, etc. Gyrotrons are widely used not only in 

fusion plasma research of Electron Cyclotron Resonance 

Heating (ECRH) and Electron Cyclotron current drive 

(ECCD) but also in material processing, medicine, chemistry, 

biomedical technology and THz spectroscopy. Gyrotrons have 

unique capability to produce a high stable in both continuous 

wave output power and frequency in millimeter and sub-

millimeter regime which makes it an appropriate radiation 

source for use in some novel spectroscopic applications. 

Among spectroscopic applications are; electron spin resonance 

(ESR) echo measurement spectroscopy, nuclear magnetic 

resonance spectroscopy with dynamic nuclear polarization 

technique (DNP/NMR), X-ray detected magnetic resonance 

(XDMR) and hyper-fine splitting (HFS) of positronium (Ps). 

The high frequency widely tunable gyrotron oscillator is 

preferred for dynamic nuclear polarization / nuclear magnetic 

resonance spectroscopy (DNP/NMR). In NMR, signal 

intensity is very low due to low gyromagnetic ratio of the 

observed nuclei. The DNP is utilized the magnetic resonance 

technique, which significantly improve the inherently low 

sensitivity of NMR. In a NMR experiment, with the help of 

DNP technique, the polarization of nuclei can be enhanced in 

samples which contain paramagnetic centers, which are 

generated in samples by doping of endogenous or exogenous 

paramagnetic polarizing agent. The signal intensity is 

improved in NMR by transferring the higher polarization of 

unpaired electrons to nuclear spin system [1]-[2]. The 

implementation of DNP technique at high frequency has been 

limited because of the paucity of high frequency microwave 

sources generate high CW power in range of 140 to 600 GHz. 

One problem also we can face because all NMR magnets 

operate at a fixed field in persistent mode. To enhance DNP, it 

is difficult to match high microwave frequency to desired 

frequency of electron paramagnetic resonance (EPR) 

spectrum. Gyrotron oscillators working based on electron 

cyclotron resonance masers (CRM) are very useful high power 

microwave source which can generate relatively more power 

than solid-state devices with durability [3]. Gyrotrons have 

excellent tuning bandwidth and efficient scaling to frequency. 

To find significant gain improvement in NMR, enough power 

has to be maintained over entire bandwidth to utilize DNP. At 

high magnetic fields across the sample, cross-field is the best 

mechanism to enhance signal intensities in dynamic nuclear 

polarization/ solid state nuclear magnetic resonance 

(DNP/SSNMR) [4]-[5]. To increase the resolution of NMR 

spectra in NMR experiment, magnetic field must be increases 

that pushed us to higher frequency radiation source which can 

generate a CW power. The gyrotron oscillator is an excellent 

source which can generate a CW power in THz and sub-

millimeter wave regime. Therefore, it is designed at high 

operating frequency at which higher order mode is also 

preferred. In 1993, a 140 GHz gyrotron was developed by 

Becerra et al. with an output power of ~ 20 W [3]. In 2000, a 

250 GHz gyrotron was developed by Kreischer et al. with an 

output power of ~ 100 W with a conversion efficiency of 6-8 

% [6]. Another 140 GHz gyrotron was developed by Joye et 

al., at MIT for DNP/NMR application with a peak output 

power of ~ 14W [7]. CRPP-EPFL has been demonstrated at 

263.5 GHz gyrotron for 400 MHz DNP-NMR spectrometer 

[Switzerland] [8]. The application of DNP/NMR can be 

extended by increasing the magnetic field from 10 T to 20 T, 

but it is very expansive. To avoid this problem, the harmonic 

gyrotron was proposed at MIT and that was developed at 460 

GHz in second harmonic cyclotron frequency with 10 T of 

magnetic field [9]. In this paper, high stability gyrotron 

operating in a higher order TE72 mode at 260 GHz is studied 

using a PIC simulation code. 

II. DESIGN METHODOLOGY 

The design includes the selection of operating mode at desire 

frequency. The excitation frequency of gyrotron is 

approximately equal to cut-off frequency of the cavity of 

gyrotron. The radius of the cavity is determined by 

/ 2'
,o fR cxm n   where '

,xm n  is the nth zero roots of the mth-
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order Bessel function  'J xm , c is the velocity of light and „f‟ is 

the operating frequency. In the present design the radius of 

interaction cavity for TE72 mode is calculated as 2.369 mm. 

The electron beam radius „Re‟ for TEm,n mode is given as 

1, / .e m n o mnR x R x The dispersive curve of gyrotron 

satisfy 2 2 2 2 2k c k c
z

and 0z z ck v s    
 

where 
zk is the 

axial propagation constant,
 

k  is the transverse propagation 

constant and
 zv is axial velocity of electron beam, 

c is the 

electron cyclotron angular frequency and s is electron 

cyclotron harmonic number [10]. The dispersion curve of 

gyrotron is shown in Fig. 1 for Vo = 15.5 kV, Io = 100 mA and 

Bo = 9.53 T [8]. 

 
Fig. 1. Dispersion diagram of gyrotron oscillator with showing the region of 

interaction between a resonant cavity mode and a beam cyclotron mode. 

 

 
                                       (a) 

 
                                       (b) 

 

Fig. 2 (a) Axial view of designed gyrotron with Cavity radial profile of 

gyrotron (b) Electric field pattern of TE72 mode. 
 

The length of interaction cavity, taper and taper angle has 

been determined by optimized cavity field profile shown in Fig. 

2 (a). The design parameters and PIC simulation parameters of 

gyrotron has been given in table 1 [8]. 

  

Table 1 [8] 

Design 

Parameters 

Down Taper 
Length (mm) 10 

Angle 3
0
 

Interaction 

Cavity 

Length (mm) 22 

Radius (mm) 2.369 

UP Taper (1) 
Length (mm) 10 

Angle 1
0
 

UP Taper (2) 
Length (mm) 63 

Angle 2.23
0
 

PIC 

Simulation 

Parameters 

Voltage  15.5 kV 

Current 100 mA 

Magnetic Field 9.53 T 

III. PARTICLE-IN-CELL (PIC) ANALYSIS 

A. Modeling 

In the present design, there are three sections including 

down taper, interaction cavity and up taper. The linear tapered 

cavity has been shown in Fig. 2 (a). The length of down taper 

is 10 mm with taper angle 3
o
. The length of the interaction 

cavity is 22 mm with radius of Ro = 2.369 mm. The length of 

the up taper (1) is 10 mm with taper angle 1
o
 and length of 

uptaper (2) is 63 mm with taper angle 2.23
o
 The cavity radial 

profile has also been shown in Fig. 2 (a). The complete RF 

section is modeled using annealed copper with conductivity,    

σ = 5.8 x 10
7
 S/m, in CST Particle Studio. The radius of 

electron beam radius is calculated as 1.34 mm. The outer 

radius and inner radius of electron beams are 1.37 mm and 

1.31 mm respectively. A total 168 emission points has been 

defined in the cathode and the total mesh cells are 9695304 

with five cells per wavelength. The optimized parameters of 

the designed gyrotron have been given in Table 1 [8].  

 

B. Results and Discussions 

In the PIC simulation of 260 GHz gyrotron is performed by 

applying the helical electron beam with 100 mA, 15.5 kV. 

Magnetic field was optimized as 9.53 T and the electron beam 

velocity ratio as α =1.  The signal developed in TE72 mode is 

come at the output port no. 82 and 83. The signal developed at 

the output port no. 83 is shown in Fig. 3 (a). The saturated 

amplitude of the port signal is ~10.6V. The combined power of 

TE72 mode is calculated by adding the square of amplitude of 

the signal developed at port 82 and 83 with respect to time 

[11]. The saturated power of the port signal is ~114 W, which 

is shown in Fig. 3 (b). The gain of the operating mode TE72 has 

been observed maximum while negligible power in competing 

modes. 
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(a) 

 
(b) 

Fig. 3. (a) Amplitude verses time plot of TE72 mode (b) Power verses time plot 

of TE72 mode. 

 

 
Fig.4 Diagram of resonating frequency and contour plot of  TE72 mode. 

 

The output power has been evolving with time. The output 

power starts increasing after ~55 ns approximately and reaches 

the steady after ~95 ns approximately. We have found the peak 

power around ~ 114 W of TE72 modes. The resonating 

frequency of the gyrotron has been observed 260.05 GHz and 

mode pattern of TE72 mode, which can be seen in the Fig. 4. 

The sufficient power has been found for DNP/NMR 

application cantered 260 GHz. 

IV. CONCLUSIONS 

A millimeter wave gyrotron is designed, and simulated using a 

commercial PIC code. A continuous wave peak output power 

of around ~114 W was observed during the simulation at 260 

GHz in the operating higher order TE72 mode which is 

sufficient for DNP/NMR application. The negligible power is 

observed in other competing modes so single mode operation 

can be achieved in TE72 mode. The efficiency of the present 

design has been obtained as ~ 7.35%. Therefore, it is hoped 

that the present gyrotron design will be suitable for DNP/NMR 

application. 
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Abstract 
 
 
Measurement of single point, 3 – axis component of fluctuating magnetic field [1] is required for the 
estimation of plasma polarization and determination of phase associated with electromagnetic plasma 
waves. Spatial separation between three axes introduces finite phase delay between the three 
components of magnetic field and hence corrupts polarization and phase measurements. In order to 
overcome this problem, a 3-axis co-centric, bifilar, miniature B-dot probe has been designed and 
fabricated in-house on a ceramic mould. A 10 µm diameter, enameled copper wire in bifilar 
configuration is used for its fabrication thus allowing almost negligible interlayer overlapping. Its 
configuration mimics the center tap configuration of a transformer, used for eliminating common 
mode electrostatic pickup. The probe exhibits frequency response ≤ 5MHz. The paper will highlight 
its design features and probe performance during calibration in vacuum and plasma. Initial results for 
polarization angle measurements using this probe will also be presented for source plasma of LVPD.  
 
 
References : 
 
[1] Magnetic fluctuation probe design and capacitive pickup rejection, Rev. Sci. Instrum., 73(11), p 
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Abstract 
 
 
Recent resurged interest in new and more powerful THz radiation sources has been fueled by the 
promise of THz technology to solve key challenges in various fields that are not possible by 
conventional techniques [1]. Potential applications include concealed weapon or threat detection, 
remote high resolution imaging, spectroscopy of chemical and biological systems, materials research, 
deep space research and communications, biomedical diagnostics, etc. The full potential of THz 
technology in these applications is yet to be realized. That is mainly due to the unavailability of high 
power, compact THz sources till date. Hence, there exists an opportunity for the development of new 
electron device based sources of coherent THz radiation that rely on the common physical principle of 
converting the kinetic energy of an electron beam into electromagnetic field energy. The most complex 
and significant ones in THz band require a miniaturized cylindrical three-dimensional structure, 
vacuum-tight enclosure, and also a typical requirement for magnetic field to confine or control the 
electron beam [2]. The miniaturized structure reduces the power handling capabilities of the source and 
also limits the cylindrical beam propagation inside it due to space charge effect. The sheet-electron 
beam has advantages over cylindrical-electron beam in terms of reduced space charge field and the 
presence of plasma inside such planar interaction structure eliminates the requirement of external 
magnetic field during the propagation of the sheet-electron beam [3]. Planar interaction structures are 
easier to fabricate as compared to miniaturized cylindrical structure. Therefore, in the present research 
work different kind of planar interaction structures like single vane, double vane have also been 
studied. Finally, a planar interaction structure has been designed and optimized using CST for the 
central frequency ~220 GHz.  
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Abstract— Microwave heating is fast and convenient. In most of 

microwave heating applications there is a problem of obtaining 

uniform heating of the sample. The objective of this study is to 

study multimode microwave applicators with the ultimate aim to 

enable uniform microwave heating by means of uniform 

electromagnetic field distribution of the applied microwave 

power inside the applicator. A three dimensional electromagnetic 

simulation tool based upon Finite Integration Technique (FIT) 

method has been used for this purpose. The electromagnetic field 

distribution inside the applicator for different applicator sizes 

and position of the samples have been studied and presented in 

this article.  

 

Keywords—microwave heating, microwave applicator, food grain 

processing. 

I.  INTRODUCTION  

Microwave Applicators are devices that are designed 

to heat a material by exposing it to a microwave field in a 

controlled manner. Most commonly used frequencies for 

domestic and industrial heating purposes are 915 MHz and 

2.45 GHz [1]. Microwave Applicators are basically used for 

different types of food and material processing like heating, 

drying, thawing, curing etc. [2]. 

 

Microwave power absorption depends on dielectric 

properties of the material under exposure. The relative 

complex permittivity of the material consists of two parts, real 

and imaginary, which are dielectric constant and dielectric loss 

factor. In microwave and radio frequency (RF) heating, the 

dielectric loss factor is the primary factor in determining the 

food material‘s ability to absorb the RF energy resulting in 

bulk heating of the material [3,4].  

 

A simple model of microwave applicator has been 

analyzed based on FIT algorithm using a commercially 

available three dimensional electromagnetic simulation tool 

employing perfect boundary approximation and optimization 

module on multiple parameters.  Some relevant parameters are 

compared with the same having lossy dielectric material (food 

grain wheat). Electric field distributions inside the materials 

having different dielectric properties put into applicator of 

different sizes have been obtained and compared. 

II. SIMULTION MODEL 

The experimental apparatus used is as shown in 

Figure 3.1. A microwave source operating at a nominal 

frequency of 2.45 GHz supplies RF power to the cavity. The 

considered applicator has dimensions of 457.2 mm x 304.8 

mm x 609.6 mm and a slab of dielectric material of food grain 

(wheat) in placed inside the applicator. The applicator is 

centrally fed from the top by a waveguide 86.36mm x 43.18 

mm in cross section (WR340), the cavity is of a size 

comparable with the smaller industrial microwave applicators 

used for batch processing of loads. 

Fig: 1 Cavity with loaded material 

    

Microwave heating depends on many variables such as 

dielectric properties, size, shape, and the geometry of the 

applicator. The critical factors influencing microwave heating 

absorption in a material are volume, surface area, composition, 

moisture content and physical geometry of the sample to be 

heated. 

III. RESULTS AND DISCUSSION 

  One of the most important and desired goals in 
microwave heating processes is the uniformity of the electric 
field distribution within the irradiated material. Different 
methods have been used in order to obtain uniform heating 
patterns in certain regions. 

  Dielectric properties of the material plays the most 
important role in case of microwave heating - different   
dielectric constant of same material shows different result. 
Simulation result of microwave applicator of having sample of 
dielectric constant (𝜀∗ = 3.2 − 𝑗0.125) and (𝜀∗ = 9 − 𝑗1.27)  
shown in the fig 2(a) and 2(b) respectively. It is shown that  in 
fig 2(a) power loss into the material is high  at the center of 
the sample, and diminished at the edge; non uniformity is 
seen, where fig 2(b) is comparatively has low loss but 
penetration of energy is more uniform  throughout the sample.  
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Fig:2 Power loss into material having  dielectric constant (𝜀′ = 3.2 –j0.125) 

Fig:3 Power loss into material having  dielectric constant(𝜀′ = 9-j1.27) 

 

Size of the applicator also influence the electric field 

uniformity which in turn influence the loss density. Fig 4 

shown that when the size of the applicator with same sample 

of having dielectric constant (𝜀∗ = 9 − 𝑗1.27) is reduced, 

power loss inside the sample is higher and helps to achive 

better uniformity. 

 
Fig:4 Power Loss density of square cavity (𝜀∗ = 9 − 𝑗1.27) 

  

Last method of obtaining high loss and uniform distribution 

has taken by changing the position of sample inside the 

applicator, which is shown in the Fig5 and Fig6. When the 

sample is placed at the top position absorbs less energy 

compare to when it placed at bottom inside the applicator. The 

result shows that energy penetrates throughout the material ; 

uniformity is also seen.  

 

Fig:5 power loss of material at top position into applicator 

 

 
Fig: 6 Power loss of material at bottom position into applicator 

 

                         Among the parameters besides power loss, 

value of Q factor and S parameters also made conclusion on 

the comparison of applicator with different size and different 

loss factor of the sample. Q factor of the cavity depends on 

loss factor higher Q means low loss and low Q means high 

loss [6].  The values of S parameter at 2.45 GHz and 

corresponding Q values are shown in Table I.  

                            In Fig.7, the simulated S-parameter plot 

around the operating frequency is shown. For our desired 

operating frequency we found the best result after proper 

optimization in rectangular microwave applicator having 

dielectric constant (𝜀∗ = 9 − 𝑗1.27),  where the sample is 

placed at center of the applicator. The dip in the S-parameter 

plot near 2.45 GHz indicates the absorption of RF energy at 

that frequency.  

 

 
Fig:7 S parameter of rectangular  applicator having (ε∗ = 9 − j1.27) 
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TABLE I 

Types of 

Cavity 

Dielectric  

constant 

Parameters 

S parameter Q value 

Rectangular (𝜀∗=3.2-j0.125) - 12.5 dB at 

2.456 GHz 

433.52 

Rectangular (𝜀∗ = 9 − 𝑗1.27) -29.85 dB at 

2.445 GHz 

216.57 

Square (𝜀∗ = 9 − 𝑗1.27) -36.733 at 

2.495 GHz 

201.76 

 

Conclusion 

In this work, optimisation of a microwave applicator to 

achieve electric field uniformity over a given sample by means 

of a proper design of the applicator and choosing the property 

of sample material has been presented. Microwave energy 

distribution increases as the loss factor of the material is 

increased and is dependent on the size of applicator.  

Uniformity of electric field distribution into the material can 

be achieved by placing the sample inside the applicator at an 

appropriate position. The absorption of the RF energy inside 

the sample is indicated by low Q of the applicator with the 

sample and a dip in the reflection coefficient at the operating 

frequency.   
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Abstract: 
 

Evaporation using electron beam gun is of significance to many fields in 
research and the industry, requiring clean environment. To have a complete 
control on the beam generation, its quality and actual time of vapour availability 
is of prime significance in research as well as in industrial applications. In the 
presented work we would like to put forward the efforts made by us in 
achieving the preferred beam parameters by studying the characteristics of the 
power supply and incorporating numerous modifications in controlling the 
beam parameters. The control of ripple content in the accelerating voltage is 
crucial for achieving desired vapour quality of evaporant. Also the recovery 
time of the beam current after an event of arc is vital where vapour availability 
time scales are of importance for processes. These two problems were addressed 
and the power supply circuits have been modified, to realise the required 
performance of the electron beam system. The activities involved detailed 
simulation of the complete circuit of the power supply system, and experiments 
for studying the beam parameters to confirm its performance. 

The effects of the modifications on the beam parameters have been 
experimentally verified. The power supply is in use continuously for 
experiments without any interruption. 
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Abstract— In plasma filled devices likpe a Pasotron, the 

injected electron beam causes ionization in the filled gas. The 

secondary electrons move out radially creating an ion channel 

that neutralizes its dc electric field. The space beyond ion channel 

is plasma. In this paper, we have obtained dielectric tensor for 

plasma in presence of azimuthal magnetic field generated by 

relativistic electron beam. A dispersion relation for the beam-ion-

channel plasma system is obtained and studied numerically. 

Cherenkov electromagnetic instability resulting for slow beam 

mode and plasma coated waveguide mode interaction is obtained.  

We also observed a novel instability in which the TM modes 

become unstable.  

Keywords— Ion channel, Pasotron,  Relativistic electron beam.  

I.  INTRODUCTION  

The Pasotron
[1]

 is a unique high power microwave source, 

which can operate without external guiding magnetic fields. 

As the relativistic electron beam (REB) propagates in to the 

Pasotron, it ionizes the gas to create weakly ionized plasma. 

The coulomb field of the beam expels plasma electrons from 

beam volume and leaves behind ions. The remaining ions 

compensates neutralize the space charge force within the beam 

which may provide the beam focusing and transport. The 

guided REB then interacts with a slow wave structure. 

Interactions between REB, ion-channel, plasmas, and the 

waves have been an active area for research for several 

decades. Ion channel guided REBs have been studied for 

various devices like ion-channel lasers
[2]

, ion-ripple lasers
[3]

, 

ion-channel cyclotron masers
[4]

, and ion channel free electron 

lasers[5]. Cherenkov instability in plasma filled ion-channel 

guided beam has been investigated earlier
[6]

. It was shown that 

the betatron motion of the beam drives the instability. 

However, the effect of finite thickness of plasma, existing 

beyond the ion-channel upto the inner wall radius of the SWS, 

was ignored. The dispersion relation thus obtained showed the 

excitation of surface mode on the plasma - ion channel 

interface. 

In this paper, field theory of ion-channel guided beam in a 

plasma coated waveguide is developed. In section II, a 

dielectric tensor for annular plasma in presence of self 

magnetic field generated by electron beam is obtained. A 

linear dispersion relation of an electron beam – ion channel - 

plasma filled cylindrical waveguide is presented in section III. 

Numerical results are given in section IV. Conclusions are 

given in last section.  

II. DIELECTRIC TENSOR FOR ANNULAR PLASMA IN PRSENCE OF 

AZIMUTHAL MAGNETIC FIELD 

We consider a cylindrical metallic waveguide filled with 

plasma of density��. A relativistic electron beam of radius rb 

is propagating through it that expels the electrons to form an 

ion-channel of radius ri. Beam region is denoted by region I, 

the ion-channel is depicted by region II, and the plasma is 

depicted by region III. The structure resulting from a REB 

propagating through plasma is shown in Fig. 1.   

 

Fig. 1:  The structure of  beam – ion channel– plasma system. 

The radial electric field due to electron beam and ion-channel 

is �� = ����	 + ��������	 = �(	�����	����)
����  

 

, where nb and ni=np 

are electron beam and ion-channel densities, respectively. At 

ri, the radial force is zero resulting in ����� = �����.
 
We obtain 

the dielectric tensor for the region I and region III.  

Equilibrium quantities in the region I are as follows:  electron 

fluid velocity ���� = (0,0,  �), magnetic field !������ = 0 ,electric 

field ������� = 0, beam density nb. We assume spatial and 

temporal harmonic perturbation in the form of ~exp [−)(*+ −,-.)]. The first order perturbations in velocity, RF fields, and 
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number density are represented by   ���� = ( 0,  �,  1), !�� =(!0, !�, !1), ��� = (�0, ��, �1), and, n1 respectively. We 

represent wave frequencyω, axial wave number kz, Velocity 

perturbations and dielectric tensor for region I calculated using 

equation of motion. We get  

 0 = −) �
2�34 5�0 − ) 6�∆4

8
8� �19,  

 � = −) �
2�34 �� , and  1 = −) �

2�3∆4 �1 .                         (1.1) 

where ∆* = * − ,- � 

The perturbed density n1 obtained from the continuity 

equation is 

�0 = − �
4 :0

�
8

8� (� 0��); + 	�<=6>4  .         (1.2) 

The perturbed charge and current densities are  

?0 = �
4

�
�

8
8� (� 0��) + @�<=6>4            (1.3) 

and A� = −B��( 0B0C +  �B�C +  1B1C ) .         (1.4) 

Here ?� = −B�� is equilibrium charge density.                

Using Eq. (1.1) in Eq. (1.4), the pth component of perturbed 

current comes out to be D� = Σ�F�F, where Σ�F is the 

conductivity tensor and p,q are 1, 2 and 3.  

The dielectric tensor GH  for region I can be expresses as  

GH =

IJ
JK G0 0 G� 8

8�0 G0 0
G� 50

� + 8
8�9 0 G1 + GL 5 8�

8�� +  8
�8�9MN

NO ,                     (1.5) 

where G0 = 1 − 4��24� , G� = ) 4��24� Q=∆4 , G1 = 1 − 4��2>∆4� , and 

GL = 4��24� 6��∆4�. 

In region II, there are no electrons, so it acts as a vacuum. 

The equilibrium quantities in region III are as follow: electron 

fluid velocity ���� = (0,0,0), the magnetic field generated by 

electron beam !������ = (0, !R , 0) where |!R| = T�	��6������ , electric 

field ������� = (0,0,0), plasma density �� ≡ ��, �� < � < W�. we 

represent cyclotron frequency by *R = B|!R| X.⁄  Restricting 

to azimuthal symmetric modes and keeping terms upto the 

first order. Follows the analysis given for region I, we get 

velocity perturbation for region III , 

 0 = − �
34Z� 5)�0 + 4[\4 �19,  � = −) �

34 ��, and  1 =
�

34Z� 54[\4 �0 − )�19.           (1.6) 

where ]� = (*� − *R� ) .          (1.7) 

The dielectric tensor GH for region III can be expressed as: 

GH =  ^ G00 0 G010 G�� 0−G01 0 G00
_,          (1.8) 

where G00 = 1 −  4�̀
Z� , G�� = 1 −  4�̀

4�,G01 = ) 4�̀4[\Z�4 , and  

*�� = 	���
3�� .            (1.9) 

III. DISPERSION RELATION 

Here we express transverse fields in terms of axial field 

components and obtain axial equations by linearizing the 

Maxwell’s equations∇ ����  ×  ��� = − 8
8� !��  and 

 ∇���  × !�� = 0
� 8

8� [GH]. ��� . Solving simultaneously for �0, ��, 

!0, !� , 8
8� �� c�d 8

8� !� in terms of �1, !1 ,
8

8� �1 and 
8

8� !1 , we 

get 

!0 = �<=ef�
8

8� !1 ,           

!� = <
ef� ()G0 − ,-G�) 8

8� �1,                     

�0 =  0
ef� (),- − ,�G�) 8

8� �1 ,    

�� = − �4
ef�

8
8� !1 ,          

8
8� !� = − <

e�� :),-G1 + �<=�
(ef��gh�fh�<=��h�e����)

ef�
8

8� �1 +
(G� + ),-GL) 8�

8�> �1;,  

8
8� �� = )*!1 + �4

�ef�
8

8� !1 ,        

where i0� = 4�
� G0 − ,-� ,and  i�� = ) 4�

� G� + ,-� . 

we get axial equation in �1  

8�
8�� �1 + 8

�8� �1 + ij�� �1 = 0 . 

where ij�� = �>ef�ef��gh�fh�<=h�e����  

Making use of the dielectric tensor, we can able to calculate 

the RF fields in region I,  

�0k = el�ef� (),- − ,�G�)mn�o                                                  (1.10) 

�1k = n�m                                                                            (1.11) 

where n�  and p�  are 0
th

 order Bessel functions of the first and 

the second kind having argument ij�� , which for brevity, has 

been dropped. We have also suppressed the harmonic 

dependence ~exp [−)(*+ − ,-.)]. 
In the ion region II,  there are no electrons, the fields are 

�0kk = �<=eqq (n�o ! + p�or)         (1.12) 

�1kk =  n�! + p�r                       (1.13) 

where n�   and  p� are now having argument ikk�. 
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The region III consist of plasma, divided into N layers. We 

denote 

ℎt = �� + (D − 1)u ,        (1.14) 

where u =  v����w  and  D = 1 +x y + 1.        (1.15) 

Substituting�1kkk(ℎt) ≡ zt, the axial equation for TM mode is 

becomes  

zth� + itzth0 + {tzt = 0         (1.16) 

where it = u|}ℎt~ − 2,        (1.17) 

and {t = u��}ℎt~ − u|}ℎt~ + 1.       (1.18) 

At the boundary of region I and II, � = ��, the radial 

component of electric displacement is discontinuous while the 

axial component of the electric field is continuous, i.e., 

�0kk − �0k = ���,          (1.19) 

and  �1kk − �1k = 0.        (1.20) 

Similarly, at the interface of region II and III, i.e., � = ��, we 

have 

�0kkk − �0kk = ���,         (1.21) 

�1kkk − �1kk = 0.          (1.22) 

For the N-1 layers in region III, we have  

{tzt + itzth0 + zth� = 0,        (1.23) 

where  D = 1 +x y − 1. 
Field at the waveguide boundary = W�, is zero, we get zwh0 = 0.           (1.24) 

The set of Eqs. (1.19) - (1.23) can be written as 

[�][m ! r z0 z� … zwh0]� = [�],       (1.25) 

The Eq. (1.25) results in the following dispersion relation. 

det[�] = 0         (1.26) 

IV. NUMERICAL RESULTS  

A dispersion relation for the beam ion channel plasma system 

is obtained and studied numerically. In Fig.2, the chosen 

parameters are as follows: beam voltage Vb=600 kV, beam 

current Ib=50A and gas pressure = 0.02 torr and cavity radius 

rcav=2.0 cm. For the given voltage, br = 0.147 cm, ir = 0.321 

cm, bω =23.37 GHz, and plasma frequency pω =10.75 GHz. 

Fig. 2(a) and 2(b) depicts, respectively, real frequency Re(ω ) 

and temporal growth rate Im(ω ) versus real wavenumber kz. 

However, Fig. 2(b), shows that the maximum growth rate of 

the SBM-PCWM interaction, shown by ‘A’, reduces to 0.97 

ns-1. The maximum growth rate of the interaction between 

PCWM-SM, shown in the inset, has a peak value of 9.99 ns
-1

.  

 

Fig. 2 : Dispersion relation of frequency Re(ω) and temporal growth rate 

Im(ω) vs. real wavenumber kz.  

V. CONCLUSIONS   

We have derived a dielectric tensor for annular plasma in 

presence of self magnetic field generated by electron beam. A 

linear dispersion relation of an electron beam – ion channel - 

plasma filled cylindrical waveguide is obtained and  studied 

numerically. The resulting system supports PCWM that can 

interact with beam and structure modes. This instability comes 

due to self magnetic field generated by the beam.  
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FIGURE II. MISSMATCHED TRANSMISSION LINE

Development of control unit for Mismatched 

Transmission lines for ICH&CD Test Rig
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Abstract- A control module is required for auto calibration and 

operation of MMTL system. This control module is developed 

using Atmel AVR controller – Atmega328P-PU, AC Servo drive, 

Relay configuration and LabVIEW software tool. It is developed 

for auto-calibration, Operation and system protection. For 

calibration of MMTL system, auto positioning of Stub & phase 

shifter and data collection has been realized using LabVIEW 

software module and Ethernet interfacing with VNA (Vector 

Network Analyzer – Rhode & Schwarz). Calibration data is used 

to find the exact position of stub and phase shifter for user asked 

VSWR and phase value. Same data is used by controller to define 

the direction of movement and number of pulses to set the 

required VSWR and phase angle for any operational frequency. 

In this paper, calibration process and MMTL operation will be 

discussed with test results. 

Keywords— ITER-India, Mismatched Transmission line, 

VSWR, VNA, LabVIEW® 

I. INTRODUCTION

ITER-India is responsible for delivering of 8 + 1(Spare) 
RF sources, each having capability of 2.5 MW/CW/VSWR 
2:1 in the frequency range 35-65 MHz to ITER Organization 
[1]. Thus a total 20MW of RF power will be coupled with 
ITER plasma. Prior to development of prototype RF source, an 
R&D program has been launched using Diacrode and tetrode 
technologies to qualify final stage tube along with other 
critical components [2]. In the R&D phase, single chain 
experimentation is being conducted at 1.5 MW /CW/ VSWR 
2:1 and 1.7MW/ CW/ VSWR 1.5:1 with any phase angle of 
reflection coefficient. The test rig to test RF chain consists of 
MisMatch Transmission Line (MMTL) system, 12” 
Directional coupler and 12” 50 ohm soda water based dummy 
load. The combined assembly of phase shifter and stub is 
called MisMatch Transmission Line (MMTL) system [3], 
which was kept in between RF source and dummy load.  

II. MISMATCHED TRANSMISSION LINE SYSTEM

The MMTL system is designed to provide a variation in 
VSWR 1:1 to 3:1 and variation in reflection phase angle 0º to 
360º for frequency range of 35MHz to 65MHz [3]. Short 
circuit stub is used to vary VSWR 1:1 to 3:1 by changing the 
short circuit plunger position with respect to center of TEE, 
whereas phase shifter provides required phase angle of 
reflection coefficient by changing electrical length of 
transmission line for frequency range from 35MHz to 65MHz. 
As per required specification input power is 1.7MW for 

3600sec with 25% duty cycle. Figure I below shows the basic 
scheme of MMTL system. 

  

MMTL system is made up of 12” coaxial line with 50�
characteristics impedance. The maximum shorted length of 
stub is 2228mm equivalent to 0.26λ for VSWR 1:1 at 35MHz 
and minimum shorted length is 461mm equivalent to 0.10λ  
for VSWR 3:1 at 65MHz. The plunger stroke length is 
restricted to 1400mm. The stationary length of 461mm is 
required to achieve 3:1 VSWR at 65MHz, which is included in 
the coaxial TEE section. The Phase Shifter is made up using 
two pairs of coaxial transmission lines (shorted using finger 
contacts) with upper pair fixed and lower pair of lines having 
relatively smaller dimeter is moved in and out of the upper 
pair thus changing the resultant electrical length of phase 
shifter. Phase shifter can provide a maximum change in 
reflection phase angle of 180° at 35MHz with a stroke length 
of 2400mm. Figure II shows the complete assembly of MMTL 
system. 

FIGURE I. BASIC SCHEME OF MISSMATCHED TRANSMISSION LINE
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III. CONTROL MODULE 

The control module is developed for auto calibration and 

operation of stub and phase shifter. ESTUN Pronet Series 

servo motors coupled with ball screw arrangement is used for 

moving short circuit plunger position and changing electrical 

length of phase shifter. Servo motor drives operate in pulse 

position control mode. Initial test results of MMTL system 

showed that minimum change in stroke length required for 

stub to get an accuracy of VSWR 0.05 units was 30mm and 

for phase shifter minimum change in stroke length required for 

5º reflection phase shift was 20mm [3]. In servo motor drive, 

the position control mode was set in such a way that one pulse 

provided movement of one micrometer in both stub and phase 

shifter. The heart of control module was low power CMOS 8-

bit microcontroller Atmega328P-PU based on AVR enhanced 

RISC architecture. The pulse of fixed width and frequency 

generated from microcontroller were used to operate servo 

motor drives. The main functions were to control direction, 

stub stroke position, phase shifter stroke position and speed. 

The proximity switch mounted on stub and phase shifter was 

used to provide interlock signal at minimum and maximum 

stroke positions. The mind of control module was LabVIEW 

based application program developed to control and monitor 

whole operation of calibration. Application program 

calculated the positions, movement directions and 

communicates it to the microcontroller for generation of 

pulses accordingly. The Vector Network Analyzer (VNA) was 

used to measure the VSWR magnitude and phase angle of 

reflection coefficient. The application program running on the 

computer was communicated with VNA over Ethernet LAN 

connection and with microcontroller over USB interface 

connection. The block diagram of the interface scheme used is 

as shown in figure III below. Also a LabVIEW® based 

application program was developed for offline analysis 

recorded data of VSWR magnitude and phase angle of 

reflection coefficient. 

IV. PROGRAM  LOGIC FLOW 

 Calibration of VSWR and reflection phase was required to 
be performed and recorded with respect to stroke positions of 
stub and phase shifter.  The calibration process of MMTL was 
divided in two individual processes. The first process was 
VSWR calibration. In MMTL VSWR is mainly dependent on 
the position of stub plunger but it also varies up to ±0.1 unit 

over the whole length of phase shifter (due to standalone SWR 
response of Phase shifter). The control program logic is 
developed to record the VSWR at each 30mm change in stub 
stroke length and at each 100mm change in phase shifter 
stroke length. The second process is reflection phase angle 
calibration at constant VSWR and frequency. The reflection 
phase angle is mainly dependent upon electrical length 
between source and load (here stub act as load) also stub adds 
some angle depending on its stroke position. To keep the 
VSWR constant during reflection phase angle calibration 
process (since VSWR also varies with change in electrical 
length of phase shifter) control logic is developed in such a 
way that stub stroke position is adjusted (data recorded during 
VSWR calibration is taken as reference) with change in phase 
shifter electrical length so that the VSWR of MMTL remains 
invariant. Figure IV below shows the HMI of LabVIEW® 
based application software for calibration and operation of 
MMTL system. 

A. VSWR Calibration Process 

 The VSWR calibration process is completed in following 
steps: 

• Operator gives command for VSWR calibration to 
LabVIEW® application program through HMI (refer 
figure IV). The VNA was set in SWR measurement 
mode and markers were set at frequencies of interest 
(here at 35, 45, 55 and 65 MHz).  

• Application program enters into VSWR calibration 
mode and calculates number of pulses required to set 
stub and phase shifter at home position. The program 
transfers data and command through serial USB 
communication to microcontroller for generating 
pulse of fixed width and frequency which is further 
applied to the servo motor drive. Servo drive operates 
in pulse position control mode which drives stub and 
phase shifter motor to home position.  

• Application program generates command to change 
stub stroke length by 30mm. Program checks whether 
phase shifter is at last position.  

FIGURE III. BASIC SCHEME OF CONTROL MODULE INTERFACE

FIGURE IV. HMI OF MMTL CALIBRATION AND OPERATION SOFTWARE

VEDA-2016

109



• If not then control program changes the phase shifter 
stroke length by 100mm. 

•  Application program take reading from VNA 
through Ethernet LAN communication and save data 
to file along with stub and phase shifter stroke 
positions. 

•  Application program again check whether phase 
shifter is at last positions if not then again moves it 
by 100mm and take data from VNA.  

This process continues until the phase shifter is at last 
position. Then application program generates command to 
move phase shifter stroke length to home position and 
check whether stub stroke length is at last position. If not 
then program generate command to move stub stroke 
length again by 30mm. Application program moves phase 
shifters stroke length by 100mm and previous processes 
repeat again until stub reaches position. After completion 
of these processes the data file is generated that contains 
VSWR magnitudes which is function of two variables, 
stub and phase shifter stroke length. This data file is used 
as reference in reflection phase angle calibration process 
to maintain VSWR magnitude constant within ±0.25 for 
different phase shifter electrical length and also used for 
offline VSWR data analysis. The data file is generated for 
each frequency of interest (35, 45, 55 and 65 MHz). The 
flow chart for VSWR calibration is as shown in figure IV. 

B. Reflection phase angle calibration process       

  For this calibration process VSWR and operation 
frequency remain constant. VNA was set in reflection phase 
angle measurement mode and was in Ethernet LAN 
communication with application program. Following steps are 
executed during calibration process:  

• Operator is asked to select one operating frequency 
(out of 35, 45, 55 and 65MHz) and set VSWR for 
which phase angle calibration is to done. Stub and 
phase shifter are set to the home position.  

• Application program finds the stroke length of stub 
required to achieve set VSWR at home position of 
phase shifter from the data generated during VSWR 
calibration process at set frequency. Stub is set at this 
position w.r.to phase shifter home position. 

• Application program generates command to move 
phase shifter stroke length by 20mm. Then it checks
whether phase shifter is at last position. If not then 
application program communicates with VNA and 
take phase angle data and store into data file along 
with stub and phase shifter stroke length.  

Above steps are repeated until phase shifter reaches its 
last position and in each loop application program 
compares the stub and phase shifter position with the 
already recorded data (during VSWR calibration process) 
to see if VSWR is within 0.05units of set value if not then 
stub stroke length is varied according to the present phase 
shifter stroke length. After completion of these steps, data 
file is generated for reflection phase angle which is 
function of two variables, stub and phase shifter stroke 
length. The flowchart for phase angle of reflection 
coefficient is as shown in figure V below. 

   

C. Auto Operation  

In auto operation process, stub and phase shifter stroke length 

is set automatically for required phase angle, VSWR 

magnitude and operating frequency.  

• Operator defines frequency, SWR and Phase angle.  

FIGURE V. FLOWCHART FOR REFLECTION PHASE ANGLE CALIBRATION 

FIGURE IV. FLOWCHART FOR VSWR CALIBRATION PROCESS 
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• Application program enters into auto operation mode 

and calculates position of stub and phase shifter using 

recorded data file during phase angle calibration. 

• Application program count number of pulses and 

transfer data to the microcontroller. The 

microcontroller drives servo motors to set stub and

phase shifter at required position.  

The flowchart for auto operation is as shown in figure VI 

below. 

V. RESULT DATA ANALYSIS 

The VSWR calibration and reflection phase angle 
calibration data file is transferred to the data analysis HMI 
based on LabVIEW® application program. The VSWR 
calibration data plotted with respect to phase shifter and stub 
positions for 36MHz and 65MHz is as shown in figure VII and 
VIII respectively. 

  

Figure VI and VII shows that VSWR varies exponentially 
with the stroke length of stub which agrees with analytical 
calculation [3]. Analytical calculation shows that at 36MHz, 
for stub position of 1320mm (corresponding to stub length of 
1738mm) VSWR is 1.30:1.00 which is in close agreement 
with the measured VSWR range of 1.32:1.00 to 1.39:1.00 over 
the whole stroke length of phase shifter. Maximum achievable 
VSWR at 36MHz is in the range of 7.81:1.00 to 8.30:1.00 at 
stub position of 120mm which is again in close agreement 
with analytical estimate of 7.28:1.00. Similarly at 65MHz 
minimum VSWR achieved is in range of 1.01:1.00 to 
1.22:1.00 at stub position 840mm which is in close agreement 
with analytical data of 1.15:1.00. Moving in either side of this 
position increases the VSWR, achieved maximum VSWR is in 
range of 3.13:1.00 to 3.80:1.00 at 120mm stub position while 
analytical data provides VSWR 2.89:1.00.           

VI. CONCLUSION

For auto calibration and operation of MMTL system 

LabVIEW® based application software is developed 

indigenously. The application program communicates with the 

servo motor drives of through microcontroller. Application 

program gives command to microcontroller which generates 

pulses of fixed with and frequency to drive the servo motors 

which further through ball screw arrangement sets the stub and 

phase shifter positions. The auto calibration process of MMTL 

system is divided in two processes. First is “VSWR 

calibration” in which VSWR of MMTL system is calibrated 

with stub and phase shifter positions (required change in stub 

and phase shifter stroke lengths are 30mm and 100mm 

respectively)  with an accuracy of 0.05 units. Second is 

“Reflection phase angle calibration” in which at constant 

frequency and VSWR (to keep VSWR constant stub position 

also needs to be varied when phase shifter stroke length is 

varied) various reflection phase angle is measured with respect 

to phase shifter positions. In the “AUTO operation” mode the 

data file generated in above two calibration processes is used 

by application program as reference. Finally data can be 

analyzed in offline mode also.       
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FIGURE VI. FLOWCHART FOR AUTO OPERATION OF MMTL

FIGURE VII. SWR CALIBRATION DATA PLOTTED W.R.TO STUB AND 

PHASE SHIFTER POSITIONS AT 36MHZ

FIGURE VII. SWR CALIBRATION DATA PLOTTED W.R.TO STUB AND 

PHASE SHIFTER POSITIONS AT 65MHZ
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Abstract 

India is responsible for delivery of 8+1(prototype) RF sources to ITER Organization. Each RF 
source will provide 2.5MW of RF power at 2 VSWR in the frequency range of 35 to 65MHz 
with other stringent specifications. Eight such RF sources will generate total 20MW of RF 
power. Prior to development of prototype RF source, an R&D program has been launched using 
Diacrode and tetrode technologies to qualify final stage tube along with other critical 
components. In the R&D phase, single chain experimentation is being conducted at 1.5 MW 
/CW/ 2 VSWR and 1.7MW/ CW/ 1.5 VSWR with any phase of reflection coefficient. 

          India is developing unique 3MW test facility for testing RF sources with variable load (up 
to VSWR 2 at any phase angle in between (0-360 deg.), consisting of high power 50 Ohm 
dummy load, phase shifter and stub.  

          During tetrode based RF Amplifier Site Acceptance Test (SAT), to achieve bandwidth +/- 
1MHz for frequency range of 35 to 65 MHz system needs 3-1/8 inch phase shifter in between 
SSPA(Solid State Power Amplifier) and HPA-2(High power Amplifier). A box type (rectangular 
outer conductor) phase shifter is being developed in house to fulfil this purpose. The mechanical 
model of the phase shifter assembly is done in CATIA modeller. Total stroke length of the phase 
shifter is 1000 mm which provides variable electrical length of 2000mm (or 0.23λ @ 35MHz). 
This presentation will contain detailed RF simulation result, fabrication process, assembly details 
and test results. 
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Abstract 
 
 

 
A series of Co-Zr substituted M-type calcium hexaferrites with chemical composition   
Ca(ZrCo)xFe12-2xO19 hexaferrite (0.0 ≤ x ≤ 1.0) has been synthesized by using a simple heat treatment 
method. The obtained precursors were heated at 650 ºC for 3 hours and then characterized vibrating 
sample magnetometer (VSM) and dielectric measurements. Effect of cobalt-zirconium substitution 
on the magnetic and dielectric properties has been investigated in detail. The field dependent 
magnetic properties of the hexaferrite samples were studied at room temperature using VSM with a 
maximum applied magnetic field of 15 kOe. The dielectric properties have been studied using LCR 
meter in the frequency ranges from 20 Hz to 2MHz. The magnetic parameters depicts the 
characteristics of soft magnetic materials [1].  It is observed that the dielectric constant decreases 
with the increase in frequency and then it remain constant at higher frequency. The ac conductivity is 
observed to increase with the increase in frequency indicating ionic conductivity. The broadnening in 
the dissipiation curves  due to the oreintation of the dipoles with the alternating field are observed 
with the increase in frequency for all the samples [2,3].  
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FIGURE I. BASIC SCHEME OF DC POWER SUPPLY INTERFACE WITH TETRODE 

 

FIGURE III. NEGATIVE CURRENT PROTECTION AND DETECTION CIRCUIT 

Development of Negative current detection circuit 
for protection of control grid in Vacuum tube 
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Abstract— The RF vacuum tube (Tetrode & Diacrode®) 
should be protected against overcurrent, overvoltage and short 
circuit events which may occur during RF operation for all the 
interfacing power supply. Control grid of Tube is negatively 
biased by the control grid power supply (CGPS). During normal 
RF operation current flows from CGPS (Negative terminal) to 
control grid of tube. During fault condition, current flows from 
CGPS (Positive terminal / cathode) to control grid to CGPS 
(Negative terminal). This negative current is indication of arcing 
or short circuit between filament/cathode and control grid, which 
can damage the tube. For the protection of tube, a negative 
current detection circuit is developed that provides an optical 
signal during this fault condition. This fault signal is used by 
local control unit to switch off the RF drive, Screen Grid Power 
supply, Anode high voltage power supply and CGPS. 

Keywords— ITER-India, Tetrode & Diacrode®, Control grid 
power supply, Negative current detection circuit, Local Cntrol Unit 

I.  INTRODUCTION 

ITER-India has to deliver 8+1(Spare) RF sources each of 
RF power 2.5MW at VSWR 2:1 to ITER organization [1], [2]. 
Total 20MW of RF power will be coupled to ITER plasma for 
Heating and Current drive application.  ITER-India has 
developed test facility for prototyping and testing of R&D RF 
source which includes RF Dummy load, Auxiliary power 
supplies, High voltage power supply ( for driver and final 
stage amplifier); AC Power distribution network and Local 
Control Unit (LCU). 

 At present tube qualification phase is ongoing which 
requires testing of two different RF chains base on Tetrode 
and Diacrode® based technologies. The RF chain includes 
three high power amplifiers HPA1, HPA2 and HPA3. HPA1 is 
a solid state amplifier with output power of 10kW, HPA2 is 
driver stage amplifier with output power of 125kW and HPA3 
is final stage amplifier with output power of 1.5MW at VSWR 
2:1. The tube based stages (HPA2 and HPA3)requires DC 
power supplies to bias the plate and various grids of tube 
which include high voltage anode power supply and Auxiliary 
power supplies. Auxiliary power supply includes Filament, 
Control grid and Screen Grid power supplies. Figure I below 
shows the scheme of interface of various DC power supplies 
with tetrode tube.  

Table I below states the detailed technical specifications of 
various auxiliary power supplies. 

TABLE I.  AUXILIARY POWER SUPPLIES SPECIFICATIONS 

Sr. no.  
Technical Specifications 

Power supply 
Voltage 
Range 

Current 
Range 

1 
Driver stage Filament Power 
supply 

12V 400A 

2 
Driver stage Control grid power 
supply 

-500V 1.5A 

3 
Driver stage Screen grid power 
supply 

2000V 2A 

4 
Final stage Filament power 
supply 

 24V 1200A 

5 
Final stage Control grid power 
supply 

-500V 6A 

6 
Final stage Screen grid power 
supply 

2000V 8A 

 

The Control grid power supply is used to bias the control 
grid of the tube. The negative terminal of the supply is 
connected to the control grid and the other terminal is 
grounded with the system. Control grid biasing is used to 
specify the operating class of tube. The more negative bias 
(dependent on the characteristic of tube) on control grid puts 
the tube in cut off region which reduces the anode current flow 
and relatively less negative biasing puts the tube in conduction 
region which increases the anode current flow.   

II. NEED OF NEGATIVE CURRENT PROTECTION AND 

DETECTION CIRCUIT 

During normal RF operation current flows from CGPS (-
ve 
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FIGURE II. NEGATIVE CURRENT DIRECTION IN FAULT CONDITION 

 

 FIGURE IV. NEGATIVE CURRNET DETECTION AND PROTECTION CIRCUIT 

PLACED BETWEEN CGPS –IVE TERMINAL AND TUBE CONTROLGRID  FIGURE V. FLOW OF ACTION TAKEN BY LCU 

terminal) to control grid of the tube. During fault conditions 
such as arcing or short circuit between filament/cathode  
current flows in the opposite direction, i.e., from CGPS (+ve 
terminal / cathode) to CGPS (-ve terminal) via control grid of 
the tube. This negative current can produce dissipation in 
control grid way higher from the maximum dissipation rating 
that can damage the control grid of tube. Figure II shows the 
negative current direction during fault condition. 

Negative current protection and detection circuit is used to 
limit the fault current amplitude (which is in reverse/negative 
direction of normal operational current) within a certain range 
and detect it for further action to be taken by Local Control 
Unit. 

III.  DESIGN OF NEGATIVE CURRENT PROTECTION AND 

DETECTION CIRCUIT 

Below are the specifics which are to be considered prior to 
designing the negative current protection and detection circuit: 

• As per datasheet of Diacrode (TH628) [3], if fault 

occurs during RF operation negative current should be 
limited to 0.5 Ampere.  

• As per datasheet of Diacrode (TH628) [3], if negative 
current is detected, RF drive power shall be turned off 
within 100µs and all DC power supplies (Auxiliary 
power supplies and Anode high voltage power supply) 
need to be turned off within 20ms. 

• As shown in Figure 2, RF drive power is applied on 
control grid through DC block capacitor. This results 
in overlapping of RF noise on the CGPS negative 
terminal where we were detecting the current. As RF 
noise is present on the terminal any active electronics 
component to detect the current i.e. Hall effect sensor 
detection, comparator circuit using shunt and 
threshold level would give false trigger due to RF 
noise. So, Passive electronic component shall be used 
to avoid the false triggering of current detection 
circuit.  

 Considering above requirement, a circuit is designed using 
only passive electronic components i.e. Diodes, Resistors, 
Zener diode and LED to limit and detect the negative current.  
Figure III below shows the layout of Negative current 
protection circuit.   

Negative current protection and detection circuit is placed 
between CGPS –ve terminal and Control grid of tube as 
shown in Figure IV. 

Normal current passes through the diodes D1 – D5 as they 
are forward biased during RF operation (Refer Figure 2 for 
normal current direction). When Negative current (which is in 
reverse direction of the normal current) passes due to fault 
such as arcing or short circuit between “Control grid & 
cathode” or “Screen grid & Control grid”, Diodes D1 – D5 are 
reverse biased and Resistor R1-R5 limits the current below 0.5 
Amps. When negative current passes through R5, the voltage 
drop across the R5 is used to drive the LED (Which is an 
optical fiber transmitter) through Zener diode. Here Zener 
voltage is the threshold value to drive LED and below which 
no optical signal will be available. This optical signal is sent to 
LCU for further action i.e. to turn off the RF drive power and 
DC power supplies. LCU is PLC/PXI based control system 
which provides all the interlock and sequence based protection 
during RF operation [4]. When LCU gets the negative current 
detection signal, it gives turn off command to the RF switch 
(which controls the RF drive power) and DC power supplies. 
Figure V shows the flow of actions taken by LCU. 

 

IV.  VALIDATION AND TEST RESULTS 

All the operational conditions were simulated as per 
normal RF operation as well as fault conditions to validate the 
developed circuit. 

• For normal RF operation conditions a heat run test 
was conducted to validate thermal effect due to 
continuous current flow. Full load current of 1.5 Amps 
for HPA2 CGPS circuit and 5 Amp and for HPA3 
CGPS circuit is tested for 2 hours. Maximum 
temperature of diode heatsink was 53ºC. Figure VI 
shows both circuits under testing. 

 

 

 

 

 

 

 

• For simulation of fault condition (Arcing or Short-
circuit) during RF operation, an IGBT is used to short 
the –ve terminal and ground. It simulates the short 
circuit fault current which would pass through control 
grid of tube. We have used a 0.5A fast acting fuse to 
simulate the control grid of tube where the current to 

FIGURE VI. HPA2 &  HPA3 CGPS NEGATIVE CURRENT PROTECTION 

AND DETECTION CIRCUIT (NCPC) UNDER HEAT RUN TEST 
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be limited to 0.5Amp during fault condition. Figure 
VII shows the test setup schematic of short circuit test. 

 
 

 

 

 

 

 

 

 

 

During short circuit test of CG Power Supply  with 
negative current protection circuit, two IGBTs in 
series were used to short circuit the –ve terminal and 
+ve terminal / ground of CG power supply at -368V 
level. 0.5Amp fast acting fuse was intact after test 
which proved that maximum current during short 
circuit was not more than 0.5Amp. Figure VIII shows 
the oscilloscope screen shot during short circuit test. 
Measurement of short circuit current was taken on 
oscilloscope which is 280mA maximum. RF drive 
power turn off initiated at 47µs and control grid power 
supply “0” voltage level noted at 170µs from fault 
occurrence.  

 

 

 

 

 

 

 

 

 

 

 

• Table II shows the comparison between required 
technical specification for negative current detection 
and protection circuit against the achieved 
performance during testing.  

TABLE II.  COMPARISON OF REQUIRED AND ACHIEVED TECHNICAL 
SPECS. 

Comparison of parameters 

Description 
Required 
Range 

Achieved 
results 

Maximum negative 
current 

< 0.5 A 0.280 A 

RF drive power turn off 
timing after fault 
occurance 

< 100µs 47µs 

Auxiliary power supply 
and HV power supply 
turn off timing after fault 
occurance 

< 20ms 170 µs 

 

V. CONCLUSION 

Detailed design and test results of a Negative current 
detection and protection circuit for Control grid of Diacrode 
TH628 is described. The circuit is mainly composed of 
passive components to reduce the false triggering during RF 
operation and thus improve its reliability. Five diodes 
connected in series and in parallel with five resistances was 
used to limit the amplitude of the negative current within 
0.5A. An LED was triggered with a Zener diode which 
produces an optical signal. This optical signal was sent to 
LCU which turns off RF drive and Power supplies within 
required time. Validation and test of the negative current 
detection and protection circuit was performed offline before 
integration with the RF tube. Heat run test for normal 
operating condition with CGPS current of 1.5A (for HPA2) 
and 5A (for HPA3) was performed for 2hours. Test for fault 
condition was simulated using a circuit with two IGBT’s (to 
simulate short circuit) and 0.5A fuse (in place of Tube control 
grid). Negative current detection and protection circuit 
developed in- house passed both the tests with a maximum 
heat sink temperature of 53°C during Heat run test and 
maximum negative current amplitude of 0.28A, RF drive turn 
off time 47µs, Auxiliary power supply and HV power supply 
turn off time 170µs during the short circuit test. 
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FIGURE VII. SCHEMATIC FOR SHORT CIRCUIT TEST 

 

FIGURE VIII. OSCILLOSCOPE SCREEN SHOT OF SHORT CIRCUIT 

TEST 
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Abstract— SAMEER is developing a 30 MeV high energy linear 

electron accelerator for radio-isotope production. Radio-isotope 

like technetium-99m (99mTc) is used in nuclear imaging. A very 

high power beam ~10kW is used to generate bremsstrahlung 

radiation which will be used to convert Molybdenum-100 (100Mo) 

to Molybdenum-99 (99Mo) using (, n) reaction. 99mTc is eluted 

from 99Mo thereafter. The electron accelerator is powered by a 

Klystron with 36 kW average power. Approximately 36 kW of 

heat is fed inside the linac tube which increases its temperature 

causing shift in its frequency. SAMEER linac being a side coupled 

structure, designing of water cooling is complicated. ANSYS 

Fluent software is used to simulate the structure for heat 

dissipation and analyze the results. The 3D model is designed using 

Solidworks software and the same is imported in ANSYS Fluent. 

For simulation, water is used as a coolant with inlet temperature 

of 25°C and flow rate is varied from 10 lpm to 20 lpm and 

corresponding results are analyzed.    
 

Keywords—RF power, Frequency, Klystron, Temperature 

gradient 

I. INTRODUCTION  

Radio-Isotopes are widely used in industry and medicine. 
Around 140 radio-isotopes are used worldwide in medical 
applications such as diagnostic, therapeutic and preventive 
purpose. Medical isotopes are used in non-invasive nuclear 
diagnostic imaging techniques to identify illnesses such as heart 
disease and cancer at early stage. At SAMEER a 30 MeV linac 
is being developed to produce radioisotope viz. Technetium 
(99mTc) [1]. The schematic layout of the system is shown in Fig. 
1. The main parameters of the linac is given in Table 1. 

SAMEER has developed 6 MeV and 15 MeV linac system. 
The heat load for 6 and 15MeV system were 2.6 kW and 6 kW 
respectively. The structure of 15 MeV and 30 MeV system is 
same but heat load for 30 MeV system is 6 times of the 15 MeV 
system.  Thus designing a sturdy cooling system becomes 
necessary. The electron accelerator is powered by a Klystron 
with 36 kW average power. During RF outgassing, full RF 
power is fed to the structure to remove any residual gasses 
trapped inside the structure. During this process approximately 
36 kW of heat is fed inside the linac tube which increases its 
temperature causing shift in its frequency [2]. This frequency 
shift is not permissible for the functioning of linac. Thus a 
suitable water cooling system is required to dissipate the heat 
from linac Structure. Conjugate Heat Transfer analysis is 

performed in ANSYS Fluent software. Circular and Square 
copper pipes were used in simulation. To improve the 
efficiency of cooling system, circular pipes are replaced with 
square pipes to have more surface area in contact with linac tube 
and series connection is replaced with parallel connection. The 
direction of inlet and outlet of the pipes are alternately arranged 
to eliminate the temperature gradient along the length of the 
linac tube. In this paper we have presented a design for cooling 
of linac which will maintain its temperature to the required 
limits. This design helps to maintain a constant temperature 
along the length of the linac, maintaining the operating 
frequency of linac. 

 

 

 

 

TABLE Ι. Parameters of 30MeV Linac 

Frequency 2998 MHz 

Number of Linac 2 

Number of Klystrons 2 

Average Beam current 166-350 µA 

Average Beam Power 5-10 kW 

 

 

 

The project is funded by Ministry of Electronics and  

Information Technology (MeitY), Govt. of India.  

Fig.1. Layout of 30 MeV Linac 
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II. BACKGROUND 

A. Existing Cooling System  

The 15 MeV linac system has a series cooling arrangement were 

pipes for cooling the linac structure are connected in series. Pipe 

outer diameter is 16 mm and inner diameter is 12 mm. The same 

linac cooling system is assumed to begin with the analysis for 

30 MeV parameters and simulate the temperature distribution 

on linac. For simulation, 36 kW of power is given as heat load 

to linac with water flow rate of 20 liter per minute (lpm) and 

inlet temperature at 25°C. The temperature profile of simulation 

is shown in Fig. 2. From the simulation it is observed that there 

is a large temperature gradient along the length of the linac, 

temperature values are also high which is not favorable for the 

working of linac. Temperature varies from 136°C to 194°C 

along the length. The net mass flow rate and net heat flux were 

8.4x10-4 kg/s and 0.106 kW. This confirms that mass and 

energy are conserved. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

III. METHODOLOGY 

A. Software  

Solidworks 2014 and ANSYS 17.2 software is used for design 

and simulation purpose. The 3-D model is prepared in 

Solidworks and imported into ANSYS for simulation. The 

model consist of two parts solid and fluid. Solid part is defined 

as copper and fluid part is defined as water. Meshing of model 

is done in ANSYS. The minimum and maximum orthogonal 

quality of mesh is maintained within 0.01 to 0.85. Aspect ratio 

is maintained from 15 to 25. The inlet, outlet and walls are 

created using named selection tool for the setting up the 

boundary conditions. The Pressure based solver [3] is used for 

the simulation purpose. The Viscous- Standard K-epsilon 

model with energy equation is used. Energy equation is 

required to capture thermal effects. The Simple Pressure-

Velocity coupling method is used to solve the equation with 

Second order upwind for Momentum, Pressure and Energy. The 

convergence criterion is set at 0.001 and Residual monitors 

were created at inlet and outlet to keep a check on convergence. 

Hybrid initialization method is used to initialize the solution.  

Fig.3 shows the linac model in ANSYS Fluent.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

B. Parallel Cooling System 

To overcome the temperature gradient issue, a parallel cooling 

arrangement is tried as shown in Fig.4. Twelve pipes with 

inside diameter of 9 mm were used for simulation and 36 kW 

as heat load. Flow rate for water is 10 lpm per pipe therefore the 

total flow rate is 120 lpm. From simulation as shown in Fig.5, 

it is observed that as the water moved from inlet to outlet its 

temperature started rising and so the temperature of linac. Thus 

at the inlet temperature of linac is lower as compared at the 

outlet. The water temperature increased from 25°C at inlet to 

30.1°C at outlet, varying the linac temperature from 91°C to 

97°C along the length. Though the increase in the flow rate 

caused significant decrease in temperature of linac but 

significant temperature gradient still existed along the length of 

linac. This temperature gradient in linac is not acceptable as it 

can cause change in the operating frequency of linac. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig.4. Parallel Pipe Arrangement 

Fig.3.View of Linac Model in ANSYS Fluent 

 

 

Fig.2. Temperature profile of Linac  
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C. Modification in Parallel Cooling System 

To further reduce the temperature gradient we decided to 

modify the cooling arrangement by changing inlet and outlet of 

the parallel arrangement pipes i.e. direction of the inlet and 

outlet pipes were alternately arranged (inlet of the first pipe 

becomes outlet for the next pipe) as shown in Fig.6. This change 

makes the water flow in opposite direction in adjacent pipe thus 

maintaining the constant temperature along the length of linac 

as shown in Fig.7.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

D. Efficiency comparison between Circular and Square pipes 

To further improve the efficiency of pipes it is decided to 

perform a comparison between circular and square pipes. The 

cross sectional area of pipe is kept same so that flow rate 

remains constant for both pipes. The inside diameter of circular 

pipe is assumed as 9 mm and side of square pipe as 8 mm. The 

heat load is kept constant at 36 kW and the flow rate is varied 

from 10 to 20 lpm per pipe for both circular and square pipes. 

For same input conditions it can be observed from Fig.8 that 

linac with square pipes had lower temperatures as compared to 

circular pipes. The dotted lines represent circular pipes and 

solid lines represents square pipes. The square pipes give more 

heat transfer efficiency. Also the contact area of circular pipes 

is less than the square pipes and therefore the heat flux for 

circular pipes is greater than square pipes. Hence the 

temperature rise of water in circular pipes is greater than square 

pipes.  

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 
Conclusion 

From Simulations it can be concluded that parallel cooling 

arrangement delivers better cooling performance than series 

arrangement. Modification in parallel arrangement helps to 

maintain constant temperature along the length of linac. It can 

also be concluded that square pipes are more effective than 

circular pipes.    
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Fig.6. Layout for Flow of Water through Pipes 

Fig.7. Temperature Profile of Linac with Flow in Opposite Directions 

Fig.8. Graph showing Comparison of Square and Circular Pipe 

 
 

 

Fig.5.Temperature Profile of Linac with Parallel Arrangement 
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Abstract 
 
 

 
A sealed vacuum chamber sustaining ultra high and high vacuum for years has many applications for 
making high power microwave devices, neutron generators, X-ray tubes etc. Sealed vacuum devices 
reduce operational cost, start up time, provides clean vacuum. Most importantly it makes the device 
compact and easily transportable. In our endeavor for development of techniques for sealed vacuum 
devices, one such device has been developed in our laboratory. This device is maintained at ultra 
high vacuum in the range of 1 x 10-8 mbar for years. For in situ pumping one non evaporable getter 
pump is used. Though the non evaporable getter, pumps reactive residual gases effectively inside the 
vacuum chamber, it is inefficient for pumping of hydrocarbons like methane and it never pumps 
noble gases. For use of non evaporable getter pump for the sealed off vacuum device it is required to 
have another pump which could pump noble gases and hydrocarbons. To satisfy this condition, the 
effectiveness of a cold cathode ionization gauge for pumping of the noble gases and the 
hydrocarbons was investigated. During the investigation, it was found effective pumping of the noble 
gases and methane by the cold cathode ionization gauge. Detail description of the work and the 
results will be discussed in this report.  
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Abstract 

 
Pseudospark switch (PSS) is a vacuum (<50Pa) sealed gas filled switch that operates on ‘left side of 
Paschen curve’ i.e. increase in pressure will result in lower ‘static-breakdown voltage’ (SBV) [1]. 
PSS is a four electrode device that consists of Heater, Trigger, Anode, and Cathode terminals. Heater 
consists of palladium hydride filament that release hydrogen upon heating. Hydrogen pressure inside 
the switch determines operating voltage of switch and its pressure is controlled through heater 
current. Operating voltage of heater typically lies within the range of 4-7V and it has very low 
impedance (~1Ω). Any reversal or high voltage pulse appearing across heater terminals damages the 
heater i.e. damages the switch. For safe and reliable operation of the switch, heater voltage has to be 
stable and adequately isolated from any high voltage pulse while discharging of capacitor bank. 
 
A demountable test bench has been developed to investigate the breakdown characteristics of 
Pseudospark switch in correlation with heater current and operating voltage. Switch (under test) is 
mounted directly over the energy storage capacitor (12.5µF/20kV) in coaxial arrangement for 
minimizing the connection inductance. For the purpose of investigating switching performance of 
PSS, firstly optimum operating region (i.e. working voltage range) and the corresponding heater 
current has been determined. This finding required determination of SBV for corresponding heater 
current. Higher heater current resulted in lower SBV as increase in heater current resulted in increase 
of hydrogen pressure inside the switch. In order to further investigate the role of heater current on 
breakdown/conduction time delay and jitter; switch has been operated on different heater currents. 
Higher heater current resulted in lower conduction delay and jitter. It has also been observed that 
operating voltage has no/minimal role in deciding the conduction delay and jitter. Less dependency 
of on operating voltage on conduction delay and jitter makes PSS highly suitable for synchronous 
operation. 
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Abstract 
 
Relativistic Backward wave Oscillator (RBWO) is being developed in APPD, BARC [1]. Which is 
energized by high voltage, high current and short pulse duration pulse power system. The pulse 
power system is based on the Marx system. The magnetic unit is required to confine the electrons 
throughout the cavity to interact with the cavity to generate high power microwave. So, Dual power 
supply is designed, developed and tested for Marx generator and capacitor unit for magnetic system. 
The Marx generator is charged with 50kV, 25mA and capacitor unit for magnetic system is charged 
with 10kV, 125mA. The power supply is based on series resonant converter based highly efficient 
dual supply [2]. The power supply includes rectifier system, inverter stage, resonant converter stage, 
high voltage transformer stage which convert 300V to 10kV output, and then requires the high 
voltage rectifier stage to charge the capacitor of magnetic system. After 300V to 10kV 
transformation, four cokeroft-walton multiplier stages are added to get 50kV high voltage. The 
changeover of Marx generator charging and capacitor unit is done by energizing the high voltage 
relay. The BWO system is designed as per the requirement of plasma source developed at IPR, 
Gandhi Nagar. Hence, high voltage pulse generator of BWO, magnetic system, and plasma source 
are required to be synchronized.  Each of these three sub-system has definite time delay 
for output after getting correspondent trigger signals. Magnetic system has largest time delay of 
around 12ms for generating maximum magnetic field. Plasma source and Marx 
generators both have time delays in micro seconds range. Hence, magnetic system is to be triggered 
first, followed by plasma source and Marx generator respectively. The synchronization time setting 
is done with the knob provided on the front panel of the supply. 
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Abstract 
 
 

Under IIFC collaboration, a number of coaxial RF couplers at frequency of 325 MHz are being 
fabricated in BARC. For high power testing of these couplers, RF power of about 40-50 kW is 
required. So, design and development of high power RF test facility has been initiated in BARC. The 
test facility will be a travelling wave resonating ring structure consisting of low loss waveguide 
components. Most of the components of this resonant ring has been designed and fabricated. This 
paper describes three of these waveguide components, namely directional coupler (50 dB), 
waveguide phase shifter/tuner and 90 degree H bend.  
 
The first component is a half-height WR 2300 based loop type of directional coupler for power 
measurement. It has a coupling of 50 dB and directivity of 35 dB. It has small apertures on top and 
bottom broad walls to couple small amount of power to two secondary loops for measurement of 
forward as well as reflected power. For perfect resonance, it is required that the total length of the 
resonant ring should be integral multiple of guided wavelength.  This implies that the resonating 
structure needs to be tuned for optimum performance at the required frequency. For this, waveguide 
tuners/phase shifters have been designed. It consists of three cylindrical rods inserted in the broad 
wall of the waveguide with distance of quarter wavelength between each. Each waveguide tuner has 
capability to adjust the phase in the range of 10 degrees. Also, this tuner can be used for improving 
matching in the resonating structure. The resonant ring structure needs to be in closed loop form. 
This is required so that the wave can travel back to the directional coupler and gets added in phase 
with the incoming wave for amplification. To get the closed loop structure four waveguide H bends 
(90 degree) have been designed and fabricated with return loss of 40 dB and bandwidth of 40 MHz. 
 
The design details and low power RF measurement on these components will be reported.  
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Abstract—This paper represents the design of corrugated 

circular waveguide for transmitting 200kW power at 42GHz for 

3 seconds from Gyrotron to Tokamak or dummy load. For low 

loss, low mode conversion, corrugated waveguide is being used to 

carry high power at high frequency in transmission line system. 

The corrugated waveguide with HE11 mode is shown to have less 

attenuation than smooth circular waveguide with TE11 mode. 

Theory behind selecting depth of corrugation required for 

generating linearly polarized (HE11) is explained in this paper. 

The proposed structure have been designed and simulated in 

CST microwave studio. The effect of width of corrugations and 

spacing between corrugations on loss has been observed. In 

addition, it is also shown that square groove corrugated 

waveguide gives low insertion loss compared to rectangular 

groove corrugated waveguide. 

Keywords—Gyrotron, Corrugated waveguide, Groove width, 

Spacing between grooves  

I. INTRODUCTION  

Adityatokamak uses magnetic field to confine plasma and 
it is heated up to very high temperature. For plasma heating, 
gyrotron is used as high-power microwave source. In India, a 
42 GHz, 200kW gyrotron for plasma fusion application is 
developed [1]. The transmission line system from gyrotron to 
tokamak should be able to handle high power with minimum 
losses at high frequency. Main component of this transmission 
line system is waveguide. Traditional methods such as 
rectangular and smooth wall circular waveguides are sufficient 
for transmitting low power at low frequency. However, to 
transmit high power over long distance, smooth wall 
waveguide is not good choice because of mode conversion and 
higher attenuation. It has been shown that overmoded 
corrugated waveguide has low attenuation over long distances 
because of boundary conditions of corrugation [2,3].  
Additionally, gyrotron generates TE03 [1] mode which is 
unpolarized mode with no energy content on the axis. TE or 
TM modes cannot be used for plasma heating because plasma 
heating needs a linearly polarized pencil beam. In that case, 
HE11 mode in corrugated waveguide is best choice as it 
radiates a symmetric beam with low side lobs and low cross 
polarization component [4]. For carrying 200kW power at 42 
GHz from gyroton to tokamak or dummy load it is required to 
have corrugated waveguide with specification mentioned in 
Table 1. 

TABLE 1: SPECIFICATION OF CORRUGATED WAVEGUIDE 

Parameter Value 

Frequency 42GHz 

Length 1m 

Insertion Loss Less than -1dB 

Return Loss More than -10dB 

 

The organization of paper is in such a manner that section 
II describes brief theory and design considerations of 
corrugated waveguide. Section III covers simulation results of 
corrugated waveguide with different width of corrugations. 

II. THEORY AND DESIGN CONSIDERATIONS 

The purpose of the corrugated surface is to provide the 
means to support the propagation of hybrid modes within the 
waveguide. Hybrid modes are basically a combination of TE 
and TM modes. For this combination to propagate as a single 
entity waveguide must have anisotropic surface-reactance 
properties (explained later in this section).Fig.1 indicates 
geometry of corrugated waveguide with direction of 
polarization o HE11. 

 

 

 

Fig.1. Radiation geometry used for corrugated waveguide 

Now, following equations shows how field pattern inside 
corrugated waveguide is affected due to corrugated wall. The 
dominant mode in oversized corrugated waveguide is 
HE11which has the following aperture electric fields [5], 
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R is the waveguide radius , Z and Y are the impedance and 
admittance at the boundary r = R given by 
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Where, Z0= 377 is free space impedance. 

From equation 1 it can be said that, if the difference 
between Z and Y becomes zero, the aperture field becomes 
independent of the angular variable ϕ and Ey turn out to be 
zero that means no cross polarized field exists. For making Z-
Y = 0, either Z or Y should have finite equal values or both 
equals to zero. If Z and Y both are zero then it is called 
balanced hybrid condition. To make Z=0 [5],period of 
corrugation should be less than wavelength so that Eϕ=0. Now 
consider below equations for Y=0[6] 
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Where Z is normalized reactance and approximated as [7] 
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Where d, w1 and p are depth, width and period of corrugation 

respectively. The ratio w1/p indicates that if the width of 

corrugation is small it reduces reactance. Moreover, if the 

depth of corrugation is λ/4, slots act as short circuit 

transmission line because of tan (kd) term. As a result, axial 

current is zero which is generated by Hϕ. Furthermore, from 

this condition it can be said that cross-polarization only 

happens at a specific frequency since Y=0 is dependent on 

frequency [8]. 

Other parameters of corrugation should also be chosen 

properly for instance the period p is kept around 0.3λ to 0.4λ 

[9] and corrugation width is slightly less than half the period 

[10]. According to [11] w2 should be less than 0.2λ. To obtain 

low loss width of groove (w1) and spacing between 

corrugations (w2) are optimized.  

By considering all of above mentioned conditions, a 

corrugated waveguide is designed with following parameters 

stated in Table 2. Geometric structure of the proposed 

corrugated waveguide is shown in Fig. 2. Here, w1 is the width 

of the corrugation, w2 is the spacing between corrugations, p is 

groove period, d is the depth of the groove and a is diameter of 

waveguide without corrugation. 
TABLE 2: DESIGN PARAMETERS OF CORRUGATED WAVEGUIDE 

Parameters Value(Square) Value(Rectangular) 

Frequency 42 GHz 42 GHz 

Diameter(a) 63.5mm 63.5mm 

depth(d) λ/4 λ/4 

period(p) 0.3 λ 0.3 λ 

w1 0.17 λ 0.4p 

w2 0.17 λ 0.6p 

 

 

 

 

 

 

 

 

 

Fig. 2. Overmoded corrugated Square grove waveguide 

III. SIMULATION RESULTS 

The proposed structure of corrugated waveguide is 
designed and simulated in CST microwave studio. According 
to specification we have to design corrugated waveguide 
having length up to 1 meter. In order to limit the simulation 
time small part (100mm) of corrugated waveguide is 
simulated. Here, TM11 to HE11 mode converter is used as 
exciter of HE11 corrugated waveguide since it is not possible 
to incident HE11 mode in CST microwave studio directly at 
input port. Fig. 3a and 3b shows electric field pattern of HE11 
at the end of TM11 to HE11 and corrugated waveguide 
respectively. 

 

Fig.3a. Electric field pattern of HE11 mode as an output of TM11-HE11 mode 

converter 

 

Fig.3b. Electric field pattern of HE11 mode as an output from Corrugated 

waveguide 

Cross section of the proposed design of corrugated waveguide 

and electric field inside corrugated waveguide is shown in Fig. 

4 and Fig. 5 respectively. 

W1 

a W2 P 

d 
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Fig.4.Corrugated waveguide 

 

 
 

Fig.5. Electric field pattern inside corrugated waveguide  

 

The electric filed in aperture of hybrid mode waveguide is 
shown in Fig. 6 which indicates that HE11 has perfectly linear 
electric field lines at the aperture of a waveguide. 

 

Fig.6. Aperture electric field of HE11 

To achieve good insertion and return loss width and 
spacing between grooves have been optimized. Comparison 
between scattering parameters of rectangular and square 
groove waveguide are shown in Fig.7 and Fig.8 respectively.

 

Fig.7. S11 of rectangular and square groove corrugated waveguide 

 

Fig.8. S21 of rectangular and square groove corrugated waveguide 

VSWR of rectangular and square groove waveguide is 
compared as shown in Fig.9. 



Fig.9. VSWR of rectangular and square groove corrugated waveguide 

IV. CONCLUSION 

We have designed corrugated waveguide for 42GHz with two 

different geometries: rectangular grooves and square grooves. 

In CST, HE11 is not directly possible to be excited so we have 

converted TM11 mode into HE11 mode and excited both the 

proposed structures. Based on the simulation results it is 

observed that square groove waveguide provide low insertion 

loss compared to rectangular grooves. Moreover, a square 

groovesare preferred than rectangular grooves due to 

mechanical feasibility. 
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Abstract 
 
A Relativistic Backward Wave Oscillator is designed to operate in S-band with 3.28 GHz output 
frequency. Peak power obtained using this system was 1.1 GW at frequency 3.28 GHz at KALI 30 
GW system. Output power was in TM01 mode. This was confirmed using a Neon lamp array placed 
in front of the radiating antenna. TM01 mode had maximum power density in the side lobes which is 
at the angle of 22° from the bore sight at 3.28 GHz frequency for this radiating antenna geometry. 
This mode has a null power density in bore sight direction. Far field measurements like double ridge 
waveguide horn antenna and B-dot probes suffer the inaccuracy arising due to reflections of the side 
lobes from surrounding objects. To avoid such inaccuracies two B-dot loops were designed and 
placed in the radiating antenna. For calibration of these loops a TM01 mode launcher which takes 
TEM mode as input and launches TM01 mode inside a waveguide were designed. These B-dot loops 
were calibrated using Vector Network Analyzer (VNA) and this mode launcher. The coupling factors 
of these loops are -44.96 dB and -43.32 dB respectively. These B-dot loops were saturated at about 
1.6 GW microwave power. A detailed description of the TM01 mode launcher design and B-dot loop 
calibration has been provided. 
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Abstract—The paper presents development of LASER 

Direct Write lithography process suitable for the 

fabrication of SAW devices down to 3µm. The additive 

metal lift-off process has been used as it has distinct 

advantages compared to conventional wet chemical 

etching approach. An image reversal resist, with increased 

process complexity, has been used to achieve the required 

undercut profiles for lift off. The process was optimised to 

achieve lift-off for metal depositions carried out using a 

sputtering tool. A SAW device has been fabricated using 

the developed process and characterised.  

I. INTRODUCTION  

 Prototype development and its validation often require 

frequent changes in the designs till finalisation. The 

conventional mask based lithography process is highly 

suitable for production environment. But this process becomes 

inflexible in R&D setup, due to the reasons such as necessity 

of several design iterations, limited requirement of the final 

product, and resultant overheads associated with time and cost 

in the fabrication of masks. The mask-less direct-write 

LASER lithography proves to be of immense importance in 

such cases. This paper reports development of an additive lift-

off process for the fabrication of SAW devices using LASER 

Direct-Write.  

Lithography is one of the key processes in micro-electronic 

fabrication. There are two patterning approaches – subtractive 

and additive. Subtractive technique involves removal of metal 

from unwanted places whereas additive technique dwells on 

metal deposition at only the places of interest. Subtractive 

processes can be really straightforward but the non-uniformity 

of pattern dimensions across the length and width of a SAW 

device has been found to be a problem in case of wet chemical 

etching. Additive metal lift-off process exhibits advantages 

over the conventional wet chemical etching process such as 

better line dimension control and uniformity across the device 

as well as improved process latitude. However, for lift-off to 

be successful, resist profiles should have undercut and the 

metal deposition should preferably be orthogonal, such as that 

in case of electron beam evaporation with larger distances 

between the metal source (target) and the wafer thereby 

requiring bigger vacuum chambers. In the present work, 

process using an image reversal resist (All Resist AR-U4040) 

has been developed to achieve the required undercut profiles. 

LASER direct writer Heidelberg µPG101 has been used to 

define patterns down to its limit of 3µm. Besides, as a proof of 

concept, an inexpensive sputtering tool Moorfield NanoPVD 

has been used for film deposition and proper lift-off has been 

achieved repeatedly. 

Ideally, Al metal is used in the fabrication of SAW IDTs 

whereas in the present case Cu has been used. Even though Cu 
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is reported to be the material of choice for high power SAW 

devices, enough literature is still not available and present 

work was taken up to fabricate a typical SAW device using Cu 

and its functional performance is compared with conventional 

Al based device. 

   

II. EXPERIMENTAL SET UP 

The major steps involved in the LASER direct write 

lithography and metal lift-off for SAW device fabrication has 

been described below. All steps have been carried out in 

Class-1000 / Class-10 clean rooms.  

Step 1: Resist Coating: The coating of image reversal resist 

AR-U-4040 was performed at using spin coating at a speed of 

5000 rpm to achieve thickness of ~1µm. Spin coating 

technique is the preferred technique because of the control and 

thickness uniformity that it offers.  

Step2: Soft baking: The soft baking was done using a hot 

plate. The optimised temperature and duration for proper 

solvent evaporation was 90˚C for 2 minutes 

Step 3: LASER Direct Writing: Heidelberg µPG101was used 

to write the patterns on the coated resist. Exposure dose with 

10% energy was found to be suitable for achieving IDT (equal 

line-gap) structures having line dimensions down to 3µm.  

Step 4: Image reversal bake: After exposure, the image 

reversal baking was done at 120 ˚C for 210 seconds. The 

baking temperature and time were optimised so that the 

process results in pronounced undercut profiles. During image 

reversal bake, the exposed part of the resist cross links and 

forms a longer hydrocarbon chain so that it becomes insoluble 

in developer.  

Step 5: Flood exposure: A UV exposure system with an i-line 

source and intensity of 6 mJ/cm2 was used for flood exposure. 

In this process, unexposed (during LASER writing) resist 

areas are exposed so as to cause hydrocarbon chain-scission 

and make them soluble in developer. The process time was 

optimised to be 60 seconds for proper development.  

Step 6: Development: Complete removal of resist from the 

unexposed areas is important so as to ensure good adhesion of 

metal film on the substrate. Development also plays crucial 

role in line-width control. The development is carried out with 

All Resist AR300-35 developer diluted with DI water 1:1 for a 

duration of 60 seconds.  

Step 7: Metal deposition:  In the present experiments, 

sputtering, which is less popular for lift-off applications, has 

been used for metal deposition. Sputtering has been carried 

out by a very simple and cost effective Moorfield NanoPVD 

sputtering system. A Cr under layer of ~20 nm has been used 

to ensure good adhesion of Cu. Cr-sputtering has been carried 

out on a DC power of 85W, Ar flow rate of 5 sccm, wafer 

rotation of 20 rpm for a duration of 30 seconds. Cr-coating 

was followed by Cu deposition for thicknesses in the range of 

80 nm to 220 nm in different experiments. The parameters 

used are: DC power of 100W, Ar flow of 8 sccm and wafer 

rotation of 20 rpm for a duration of 180 seconds.  

Step 8: Metal Lift-off: Finally, metal lift off is carried out by 

immersing the deposited wafer in a suitable photoresist 

solvent. Acetone has been used in the current experiment to 

achieve the lift off. A 35 W ultrasonic at 50% was given for 

30 seconds to ensure clear patterns.  

III. RESULTS AND DISCUSSION 

Be The process optimisation was carried out using a pattern 

containing various structures similar to IDTs having line 

dimension in the range from 3 to 50µm. The line dimension 

and metal thickness measurements were carried using a 

confocal microscope. Repeatability of the process was ensured 

by several experiments and carrying out the measurements. 

The line dimensions were found to be within ±10% tolerance 

with respect to the designed value and the metal thickness was 

measured at 120±10 nm.  Figure 1 shows the measurement 

being taken for 3 µm line dimension patterns.  
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Figure. 1 (a) Image after lift-off   (b) 3D image of the SAW filter by 

using OLYMPUS 3D Microscope 

Using the developed process, a SAW band pass filter at Centre 

Frequency 21.4 MHz and containing a line dimension of ~ 

17µm was fabricated. Although, the device was designed for 

Al metallisation, Cu was used here  to show the proof of 

concept. Reports showing Cu electrodes to be useful for high 

power applications is also a reason for the selection of Cu for 

the metallisation.2,3  The fabricated devices at different Cu 

thicknesses were assembled and characterised. At higher 

thicknesses, e.g. ~200 nm, excessive pass band ripples and 

high insertion loss ~75 db was observed. This can be 

attributed to the higher density of Cu. At a lower Cu thickness 

of ~90 nm, however, the device performed well with lower 

ripple levels. The insertion loss was still higher but acceptable 

at ~58 dB. Fig. 2 shows the performance of the filter at 90 nm 

of Cu thickness.  

 

Figure. 2 Characteristics of the SAW filter at the Cu deposition 
thickness of ~90 nm. 

 

 

IV. CONCLUSION AND FUTURE SCOPE  

 A LASER Direct Write lithography based lift off process has 

been developed for the fabrication of SAW devices having 

critical dimensions down to 3µm (limit of the lithography 

system). The achieved profiles were favourable for lift off 

even with the sputtering process of metal deposition. A very 

simple and cost effective sputtering system was used for the 

purpose of metal deposition in these experiments. The 

developed process was used to demonstrate the fabrication of 

a SAW band pass filter, which was characterised and its 

performance was found as per the expectations. The metal 

used here was Cu instead of the more popular choice of Al for 

SAW devices. The work can be extended to demonstrate the 

high power applications and to compare the performance with 

a conventional Al based device.   

a.  

Acknowledgment  
 The authors would like to acknowledge Mr. Kiran Rathod and 

Mr. Sumit Kumar Shukla from Micro Electronics Assembly & 

Packaging Division (MAPD), Space Applications Centre, 

Ahmedabad for their support in assembly of the fabricated 

chips, Ms. Urvi Popat, Mr. Santanu Sinha and Mr. Ajay 

Kumar, from LTCC and SAW Devices Division (LSDD), 

Space Applications Centre, Ahmedabad, for their kind support 

VEDA-2016

131



in testing of the fabricated SAW filters. Thanks are also due to 

Mr. A N Bhattacharya, Deputy Director, Electronic Support 

Services Area (ESSA), SAC, for continuous encouragement. 

 

References 
 

[1] Lake,Robert A, and Ronald A. Coutu. “ A novel process for the 
fabrication of  microstructures half the listed minimum feature size of a 

direct –write laser lithography system.” SPIE MOEMS-
MEMS.International Society for Optics and Photonics, 2014. 

 

[2]    Omori, Tatsuya, Ken-ya Hashimoto, and Masatsune Yamaguchi. 
“Application of Cu electrodes to SAW IF devices.”  Proc. Second 
International Symp. on Acoustic Wave Devices for Future Mobile 
Communication Systems. 2004. 

    

[3]     Schmidt, Hagen, Thomas Gemming, Manfred Weihnacht, Stefan 
Baunack, Marcela Pekarcikova, Matthias Hofmann, Gunter Martin, 
Rainer Kaltofen, Horst Wendrock, and Klaus Wetzig. “ 
Acoustomigration and Copper Metallization for High Power SAW 
Devices.” 2001.

 
 

VEDA-2016

132



______________________________________________________________________________________________________________________________________________________________________________ 

______________________________________________________________________________________________________________ 
 

DESIGN AND DEVELOPMENT OF WAVEGUIDE COMPONENTS FOR 
HIGH POWER RF TEST SET UP IN BARC  

 
*Shreya Suri, Mentes Jose, Sonal Sharma, G.N. Singh, Rajesh Kumar, *Yogesh Kumar Choukiker, 

P.V. Bhagwat 
 

Affiliations: 1. Bhabha Atomic Research Centre, Trombay ,Mumbai, India, 400085 
                                         2.* Vellore Institute of Technology, Vellore, Tamil Nadu, India- 632014 
 

Email: shreya.suri2013@vit.ac.in 
 
 
 

Abstract 
 
 

The 325MHz coaxial couplers are being developed at IADD, BARC under IIFC collaborations[1]. 
These couplers operate under high electrical and magnetic fields in vacuum environment. Due to 
this, RF couplers are prone to multipacting.  To suppress this multipacting, DC voltage is applied to 
inner conductor. In order to bias the inner conductor, 5kV DC is to be applied. A DC block is 
required to isolate the incoming coaxial line from DC voltage.[2] 
 
CST Microwave studio[3] is used to design the DC block for required performance to obtain a return 
loss (S11) better than -30dB for 325MHz. A gap in the inner conductor is created to generate a 
capacitance. For this, many designs have been studied and compared. Initially, a simple gap was 
created in the inner conductor of a 3 1/8 inch coaxial and results were observed for different gap 
lengths. For a gap of 0.3mm, the return loss was -14.11dB. To improve this, two metallic discs were 
added next to the gap resulting in S11 of -30.68dB. Further, undercuts were introduced to improve S11 
to -51.123dB. The undercuts were replaced by overcuts to overcome the thermal loss issue by 
increasing the radius of the outer conductor. This led to S11of -43.7dB. 
 

Another design was considered where the inner conductor with a larger radius overlapped the lower 
radius inner conductor. This increased the gap area which resulted into the S11 of -46.82dB. This 
designed structure is under fabrication. The design details of this structure and measurements of the 
fabricated DC block will be reported. 
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Abstract 
 
 

Gyrotron, a high power millimeter wave source is working based on the cyclotron resonance maser 
instability principle and is used in various technological and industrial applications. The most prominent 
application of gyrotron is controlled plasma fusion, in which the RF radiation generated from gyrotorn is used 
for electron cyclotron resonance heating of magnetically confined plasma.  

Considering the indigenous plasma fusion research activity at Institute of Plasma Research (IPR), 
Gandhinagar, a multi-institutional R&D program for the development of 42 GHz, 200 kW gyrotron was initiated 
with the financial help of Department of Science & Technology (DST), New Delhi. Gyrotron possesses six 
major components namely magnetron injection gun (MIG), beam tunnel, interaction cavity, non-linear taper 
(NLT), beam collector and RF window. All these components are made of various assemblies and sub-
assemblies. First, electrical and thermal design of different gyrotron components is accomplished by the 
responsible institutes. CSIR-CEERI, Pilani was mainly involved in the design of MIG, cavity, beam tunnel and 
beam collector. The beam-wave interaction computation and electrical design of NLT were performed by IIT, 
Roorkee and IIT-BHU, Varansi. The design and development of RF window was performed by SAMEER, 
Mumabi. The development of complete gyrotron (excluding RF window) was performed at CEERI, Pilani.         

Different state-of-the-art and technologically advanced joining and brazing techniques were used for 
the integration of different piece parts, sub-assemblies and assemblies. Copper to copper, monel to 
molybdenum, monel to ceramic and stainless steel to copper brazing were performed in the development of 
gyrotron. Before brazing, material specific techniques of chemical cleaning, firing and Ni plating were also 
adopted. Different types of furnaces, mainly, hydrogen furnace and vacuum furnace, were used for brazing 
and firing of piece parts and assemblies. Tungsten inert gas (TIG) wielding was used for the joining of 
different sub-assemblies of MIG and MIG to beam tunnel. NLT to collector and collector to RF window were 
joined by using conflat flanges. To achieve the desired vacuum (<10-8 torr) inside the developed gyrotron 
tube, the vacuum processing was performed up to 400 oC for elevated time. After achieving desired vacuum, 
cathode activation was also carried out at maximum rating (15 volt, 16 A) of heater filament. The vacuum 
condition of tube was tested for long time without any pump connection and vacuum level found intact.    

The sealed off gyrotron tube with vacuum of < 10-8 torr was successfully delivered to IPR, 
Gandhinagar. The developed gyrotron was successfully mounted in superconductor magnet system and 
tested up to 27 kV of beam voltage and 10 A of beam current from MIG. 
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Abstract 
 

 
  A multi harmonic buncher (MHB) is under development at BARC which requires RF energy 
for at three frequencies viz., 20.3125 MHz, and their harmonic frequencies i.e. 40.625 MHz and 
60.9375 MHz for bunching. So, RF power amplifiers operating at these their harmonic frequencies 
are under development and partial testing is completed.  
 

The amplifier design is based on Push-Pull N- type channel MOSFET MRF 141G. Each RF 
amplifier setup consists of an oscillator, a driver stage, a solid-state power amplifier stage and its 
related sub-systems viz., a stable DC bias supply, directional coupler for power measurement, 
cooling arrangement for thermal management, and a suitable interlock and protection circuit etc. The 
MHB design requires RF power of 188 W, 75 W and 37 W at 20.3125 MHz, 40.625 MHz and 
60.9375 MHz respectively. 

 
The N-channel MOSFET is a high gain and broadband device with frequency response up to 

175 MHz and output power capacity up to 300 W. The specially designed printed circuit board 
(PCB) comprises of input and output matching circuits, DC bias for gate and drain and cooling 
arrangement for power MOSFET mounted on a copper heat spreader with additional air cooled 
aluminium heat sink. The driver stage, power amplifier stage and air cooling are powered by a single 
24 V DC supply making the system compact and modular. The amplifier works in class AB push 
pull configuration. Presently two amplifiers operating at 40.625 MHz and 60.9375 MHz have been 
tested up to a power level of 100 W each. The next step is to increase the RF power level of each 
amplifier and then combine these RF powers to generate a composite RF power signal across 
buncher grid.  

 
The paper presents the recent developments and future developmental plans of these Solid-

State RF power amplifiers. 
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Abstract 

 
Low energy high intensity proton accelerator (LEHIPA) at BARC is under development and requires 
three 1 MW klystron based RF power systems for feeding RF power to its RFQ and two DTL 
cavities. Being a high RF power and complex CW system, klystron requires numerous interlock and 
protection systems for its safe and reliable operation. This paper discusses about design and 
development of a special circuit based on logarithmic amplifier and directional coupler that detects 
high reflection power from accelerator cavity and triggers a protection signal for klystron.                            
                          This protection unit employs very fast acting six-stage dual-demodulating 
logarithmic amplifier to convert RF signal from directional coupler into a corresponding DC output 
voltage. It exhibits linear transfer characteristic for an input RF signal varying from -40 dBm to -10 
dBm. It is designed to provide protection (against reflection power) to klystron, operating at a power 
level between 10 kW (70 dBm) to 1 MW (90 dBm). For safe operation of klystron, voltage standing 
wave (VSWR) ratio should not exceed beyond 1.2 and absolute reflected power should not exceed 
more than 10 kW at any operating power level. VSWR of 1.2 results in reflected power to be less by 
20 dB from forward power. Forward and reflected RF power signals coupled by 60 dB directional 
coupler are attenuated by a 30dB attenuator, so that they lie in the linear region of transfer 
characteristics of the device. Through DC block, forward RF power signal is connected to channel A 
and reflected RF power signal is connected to channel B of logarithmic amplifier. Both channel A 
and channel B are calibrated such that their output voltage varies with input RF signal as per -44 
mV/dBm slope. Differential output voltage corresponding to forward and reflected RF power is 
continuously monitored to ensure that forward RF power always exceeds reflected RF power by a 
margin of at least 20 dB and the same differential voltage is compared with a stable reference voltage 
to generate a trip signal for a fast-acting RF switch in case of high reflection power (VSWR >1.2). 
Additionally, there is a separate provision to generate trip signal for RF switch on the basis of 
absolute reflection power. This acts as second layer of protection ensuring more reliability.  
       This unit is tested with the help of two RF sources, acting as dummy forward power 
and reflected power, and the overall response time of the circuit is observed to be around one micros-
second. This unit will be soon coupled to the klystron RF system.  
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Abstract 

 
 

ITER-India is establishing a gyrotron test facility (IIGTF) for testing 1MW class Gyrotrons 
as per ITER requirements [1]. IIGTF requires fast responding high voltage power supplies for 
modulating the output RF power, as per ITER requirements. To limit the Gyrotron collector 
thermal loading, it is required to modulate both cathode and body potentials synchronously. 
In order to meet this requirement ITER-India is developing a dedicated PSM (Pulse Step 
Modulation) based cathode power supply (-55kV at 110A) for IIGTF with modulation 
capability. In order to operate synchronously with the cathode power supply, a fast 
responding high voltage power supply of +35kV, ~100mA is mandatory. However, a 
stringent rise/fall time scales of the order of ~10µs are typically required. Since the required 
power is quite low and conventional technologies like PSM based HVPS(s) which are well-
established to meet the requirements, but cost, size & the lead timescales are high which, led 
us to explore for other simpler alternatives [2]. A cost-effective and modular solution using 
high voltage solid state switches has been considered for prototype development to meet 
stringent timing requirements.  
 
A push-pull type MOSFET based high voltage solid state switch unit has been procured and 
is capable of switching high voltages in fast time scales of the order of 0.3µsec. In this paper, 
we will present and discuss the realization of whole concept, simulation analysis and 
experimental results with equivalent load of Gyrotron body circuit, along with key technical 
issues.  
 

 
 

[1] S.L.Rao et al., “Electron Cyclotron Power Source System for ITER”, Fusion Science & 
Technology, 65, 129 (2014)  
[2] Ken Kajiwara et al., “5kHz Modulation of 170 GHz Gyrotron with Anode-Cathode Short-
Circuited Switch”, IEEE/NPSS 24th Symposium on Fusion Engineering (2011) 

VEDA-2016

137



______________________________________________________________________________________________________________ 
 

Design and development of a pulsed magnetron source for microwave plasma 
production in BETA 

 
Abhijit Kumar, K.Sathyanarayana, P.K.Sharma, Arvind Thakur, Kiran Ambulkar,Umesh Kumar, 

Deep Vadher and R. Ganesh 
 

Institute for Plasma Research (IPR) P.O. Bhat Dist. Gandhinagar, Gujarat – 382428 
 

E-mail : akumar@ipr.res.in 
 
 
 

Abstract 
 
 

 
BETA is an experimental device in which basic plasma experiments have been carried out. 
Microwave plasma in BETA will carry the system in a new paradigm of exploration. Electron 
Cyclotron resonance plasma (ECR) is planned to be initiated in the near future. The resonance 
magnetic field at the fundamental is approximately 880G. Current passed through the toroidal field 
coils (TF Coils) to obtain the desired magnetic field. 
 
A pulsed magnetron source is designed and developed using indigenous techniques. The magnetron 
2M107A-825, 870W output power has a filament power supply operated at 3.3V / 9.8A. The 
accelerating voltage of approximately -4.1 KV is derived from a pulsed power system. The pulsed 
power system consists of a high voltage power supply made from rectifier stacks and A.C 
transformer. The negative D.C. power supply is pulsed using a triode switch. The switching logic is 
derived from low voltage digital logic connected through fiber optic links to a high voltage deck 
which houses the main switching logic to the triode switch. The control grid voltage to the triode 
switch is derived from a configuration of totem pole IGBT / MOSFETs switched sequentially. The -
4.1 KV accelerating voltage is applied between the ground terminal and the cathode. Microwave 
power in pulsed mode is generated by the magnetron. The magnetron is connected to a coaxial to 
waveguide adaptor and a directional coupler and a waveguide section. The waveguide components 
are compatible to WR-430. 
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Abstract 

 
ITER-India, the Indian domestic agency for ITER project, has the responsibility to supply a set of 
two, high power (1MW), long pulse (3600 s) Gyrotron sources at a frequency of 170 GHz to ITER 
for Electron Cyclotron Heating & Current Drive applications [1]. The scope of supply includes 
Gyrotron tube set, Matching Optic Unit (MOU), Super Conducting Magnet (SCM) set, a set of 
auxiliary power supplies, cooling water manifold and a Local Control Unit (LCU) [2]. For such high 
power, long pulse Gyrotron source systems, one of the challenging areas is the system integration 
and establishment of reliable integrated system performance. ITER-India plans to establish an 
integrated gyrotron system performance that essentially meets the ITER requirements in a Gyrotron 
test facility which is specifically being developed at ITER-India lab building in IPR campus. The test 
facility is aimed to support 1MW/CW Gyrotrons specifically at 170GHz frequency. A test Gyrotron 
(170GHz @ ~ 1MW) is also under procurement process to qualify the test facility and to establish 
system integration and integrated performance in compliance with ITER requirements.  
 
ITER-India Gyrotron Test Facility (IIGTF) will be having a dedicated set of High Voltage Power 
Supplies (viz. Main HVPS and body power supply); a vacuum compatible corrugated waveguide 
component set, CW dummy load; a set of Auxiliary power supplies; a Local Control Unit (LCU); 
water cooling distribution; crowbar protection system; low power millimeter wave test setup 
including mode purity and frequency diagnostic.    
 
This paper presents an overview, progress and status of the Gyrotron test facility. 
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[1] C. DARBOS et al., Journal of infrared, millimeter and terahertz waves, 37, issue-1, 4-20 (2016) 
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Abstract 
 
 

 
Corrugated waveguides are generally employed in transmitting high power RF beams from mm 
wave sources like Gyrotrons, as they have been proved to be most efficient (low loss) waveguides 
for transmitting high power in the mm wave frequency range [1]. ITER-India, the Indian domestic 
agency for ITER project, has the responsibility to supply a set of two, high power (1MW), long pulse 
(3600 s) Gyrotron sources at a frequency of 170 GHz to ITER for Electron Cyclotron Heating & 
Current Drive applications [2]. ITER-India is establishing an ITER-India Gyrotron Test Facility 
(IIGTF) for testing 1MW class Gyrotrons as per ITER requirements. For ITER, presently corrugated 
waveguide of 63.5 mm dimension has been adopted for transmitting 170 GHz microwave power in 
the HE11 mode at very low losses to the Tokamak. 
 
As a part of prototype developments for the IIGTF it is intended to develop indigenously a prototype 
63.5 mm corrugated waveguide of reasonable length. The complexities involved in fabricating these 
corrugated waveguides are: Discrete grooves are to be machined on internal surface of pipe with 
specifications of 0.46 mm depth and 0.41 mm groove width and dimensional tolerance of 80 microns 
over a length significantly longer than the diameter; Vibration free customized grooving tools such 
as special long boring bar along with insert to be prepared; Cutting fluid with optimum pressure need 
to be supplied at cutting point to flush away the chips along the length. In order to anticipate all 
complexities and difficulties in manufacturing method, it is decided to fabricate initially a 300mm 
prototype waveguide using CNC Lathe, grooving process and groove measurements using a profile 
projector. 
 
In this paper, observations and gradual improvements for different trials are presented and scope of 
further improvement is discussed. 
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Abstract 
 
 

 
Magnesium Aluminate (MgAl2O4) is considered as high performance ceramic material, which retains 
its strength at elevated temperature. In addition, it has excellent thermal shock resistance, high 
resistance to chemical degradation, good optical and dielectric properties [1]. It also exhibits great 
structural stability under neutron irradiation environment [2,3]. Owing to these unique combinations 
of properties, MgAl2O4 has great potential for variety of applications as functional material in 
nuclear technology: fission and fusion reactors. In particular, MgAl2O4 can be suitable material for 
vacuum vessel microwave transmission window for ECRH system in tokamak reactor due to its high 
neutron irradiation tolerance.  

 
In this work, the detail finite element structural analysis of MgAl2O4 ceramic materials disc 
(diameter = 85 mm) for application as microwave transmission window connected to vacuum vessel 
for 42 GHz ECRH system have been performed using ANSYS software. In this study, the 
calculation of different thicknesses for windows has been attempted considering the integer multiples 
of half-wavelength of the operating frequency of Gyrotron (42 GHZ). These windows with different 
thicknesses have been analyzed for displacement and stressed profiles caused by pressure difference 
during different tokamak operations and the results will be presented in the conference.  
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Abstract 
  

 
A 325 MHz, 3 kW stand -alone RF amplifier has been designed, developed and tested to be 

coupled to a ring resonator.  In addition to its own protection, this RF system will receive some 
diagnostic signals from ring resonator side which needs to be measured, monitored and then the 
amplifier  needs to protected against the fault generation. 

 

The paper presents the details of design and development of interlock & protection unit for 
the RF amplifier and the overall signal monitoring and diagnostic electronics with sense signals from 
ring resonator. The interlock system will perform the pre-defined switching sequence of the various 
bias power supplies required and the protection circuit keeps a check on any fault such as over 
voltage, over current , under voltage (control grid), etc. in various bias supplies and reflected RF 
power towards the RF device. The protection circuit senses these pre-set conditions and operates 
various trips by switching off the required bias supplies in a pre-defined sequence in response to the 
particular fault generated and / or switches off input RF signal to the power stage 

 
The overall monitoring and diagnostic system is a PC based (Lab-View) supervisory software 

developed, which will monitor and measure vacuum, temperature and ARC inside the ring resonator 
and will take predefined protection measures on the high power RF system. This system will 
measure and display the vacuum level, temperature, power levels of forward and reflected RF power 
(CW and pulse mode) and arc detection on the screen and will this data for future analysis. If any 
parameter is going beyond the predefined set value, this overall monitoring system will switch off 
the input RF signal and hence the drive power to the amplifier. The RF system with this 
measurement and diagnostic system is satisfactorily tested and  ready to be coupled to ring resonator. 
 
References: 
[1] Datasheet of TH393, NI DAQ 
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Abstract—A patch antenna has been designed to receive the 

radiated signals from all the directions in a high power RF 
installation. It has features of wide beam width, conformal to wall 
mounting, simple in design etc. The antenna has been integrated 
with detection systems which, continuously monitor and alarm 
the working personnel near the high power RF installations.   

Keywords—component; formatting; Antenna, Patch, RF 
detection, Klystron 

I.  INTRODUCTION 

RF radiated emissions from high power RF Sources 
are harmful to human health and sensitive equipments. In 
order to protect humans and sensitive equipments from RF 
radiation, field’s levels should be detected, continuously 
monitored and interlocked.  BARC is working on development 
of Low Energy High Intensity Proton Accelerator (LEHIPA) 
for studies on high current beams and front end accelerator for 
an Accelerator Driven Sub critical System (ADS)[1]. The 
LEHIPA system consists of three major high power Klystron 
based RF systems. Each RF system is rated for 1 MW power 
output at 352 MHz. It also consists of various waveguide 
systems to couple the RF power from klystron to several ports 
of the accelerating resonator structures. In view of protection 
of human and equipment, an antenna based RF radiation 
detector has been developed and installed near the waveguides 
and klystron in LEHIPA site. 

text styles are provided. The formatter will need to create 
these components, incorporating the applicable criteria that 
follow. 

II. DESIGN OF ANTENNA 

A. Selection of Antenna 

The main requirements of the antenna are wide beam 
width or uniform radiation in both E and H planes, conformal 
to wall mounting, simple and ease of design over a limited 
bandwidth etc. The micro strips patch antennas meet the above 
features. A rectangular patch antenna with reduced width has 
been designed to meet the RF detection requirements at high 
power, 352 MHz klystron based RF system. 

B. Design of Patch Antenna 

The dimensions of the antenna have been calculated using 
the formulae. The length and width of the patch is given by 
equations (1) and (2). 

 L =
�

���√����
                                         (1) 

                  W =
�

���
�2/�ϵr � 1�                        (2)        

Where, ϵr  and ϵeff are relative and effective dielectric of 
constants of substrate of the antenna respectively.The antenna 
has been simulated in Microwave Studio also. The final length 
and width of the antenna with better performance on its 
radiation pattern are 286 and 150 mm respectively. The 
substrate parameters used in this design are PTFE with ϵr of 
2.2, tan δ of 0.002, and the thickness  of 1.6 mm. The 
simulated radiation pattern is shown in Fig. 1

   

Fig.1 Radiation pattern and E field of TM010 mode 

III.  MESURED RESULTS OF ANTENNA 

The measured input reflection |S11| is shown in Fig. 2. The 
antenna is matched with |S11| less than 30 dB at 352 MHz. 

 
Fig. 2 Measured |S11| of the patch antenna 

 The main application of the antenna is RF radiation level 
detection and protection of human working at the site. A 
detector circuit has been designed using high frequency 
diodes. The block diagram of RF detection circuit is shown in 
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Fig. 3. It consists of rectifier, filter, a comparator, switch, and 
hooter. The detector compares the antenna rectified signal 
against the set reference limit which is well below the safety 
limit ICNIRP. If the received signal limit exceeds the set limit, 
the hooter gives an alarm to operating personal. 

 
Fig.3 Block diagram of RF detector 

IV.  ANTENNA DTECTOR AT HIGH POWER RF SYSTEM 

 
The layout of the high power RF system is shown in Fig. 

4. It consists of a high power klystron, circulator, waveguide 
E/H plane bends, magic tee, directional couplers, windows, 
RF loads etc. The klystron is rated for 1 MW CW. All the 
waveguide components are designed for this high power 
operation. Total waveguide system is portioned between two 
closed galleries. One is the klystron gallery and other is linac 
gallery. These two parts have several waveguide junction 
which are sources of RF leakage due its improper mounting or 
inherent gaps in flanges. Basically, it has needed two RF 
radiation detectors for one high power RF system. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4 Layout of high power RF system 

V. INTEGRATION AND TEST  

The designed patch antenna has been integrated in a high 
power RF system. It has been mounted to wall along with its 
detection system. Initially, the system has been tested with 
solid-state amplifier. By closing all the doors (in the absence 
of human) of the tunnel and a 5 W, 352 MHz has been 
radiated and check for alarm and detected signal level. The 

reference level on the detector has set such that nowhere in the 
accelerator site should not cross threshold safe limit of 
radiation power density of 10 watt/sq. mtr. Once after test and 
calibrate it has been switched ON for continuous operation for 
Linac operation. The installed RF radiation detector in a 
klystron gallery is shown in Fig. 5. One more radiation 
detector has been installed in linac gallery. 

 

 
Fig. 5 RF Radiation detector in klystron galley 

 

Fig. 6 RF radiation detector in linac gallery 

The RF radiation levels have been surveyed using standard 
instruments. The electric field strength maximum found is 2 
V/m, which is well below  ICNIRP safe limit of  61.4 V/m. 
This field level is measured at 500 kW, 352 MHz CW 
operation of high power RF system. 

The system has been tested along with high power klystron 
and RF waveguides for 1.2 MeV accelerators. As high power 
systems are tightly enclosed, no appreciable levels of radiation 
are detected.  
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VI.  CONCUSIONS 

RF radiation detector has been designed and installed near the 
klystron based high power RF system of LEHIPA project. It 
has been tested and functional for its end use 
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Abstract 
 
ITER is an international collaborative experimental tokamak fusion reactor (www.iter.org) that is being 
constructed with in-kind contributions from several participating countries including India. ITER 
requires 20 MW of RF power at a frequency of 170 GHz (Electron Cyclotron frequency), for plasma 
heating and current drive applications [1]. In this context, ITER-India (www.iter-india.org ), the Indian 
Domestic Agency for the ITER project has an in-kind procurement package (EC RF Source Package) 
whose main scope is to supply a set of two high power Gyrotron sources (170 GHz/1MW/3600s) 
including their auxiliary systems [2]. The execution approach includes procurement of ITER deliverable 
high power Gyrotron tubes on functional specification basis and procurement of one additional test 
gyrotron for the establishment of complete integrated system performance in a high power Gyrotron test 
facility that is currently being developed at ITER-India [2]. 
 
The need for an indigenous development program for high power Gyrotron sources for fusion Plasma 
applications is well recognized. In this direction, a multi institutional first indigenous program towards 
development of a 42 GHz Gyrotron has already been undertaken with the involvement of several 
agencies including Institute for Plasma Research, CSIR-CEERI and several others [3, 4]. In the context 
of ITER project it is now aimed to initiate an indigenous Gyrotron design & development program at 
170GHz under a MoU with CSIR-CEERI. This initiative could exploit the Gyrotron test facility 
infrastructure that would be made available as a part of ITER program and could play a significant role 
in developing a design basis and know-how towards an ITER relevant Gyrotron. To address the 
complexities involved in designing & developing an indigenous gyrotron at 170 GHz, a multistage 
development program spread over a period of about 10 years has been proposed. The roadmap basically 
categorised in three main phases:  
 
Phase-1, development of a 100-kW class, short pulse (~10-100 ms) Pre-Prototype 
Phase-2, development of a 100-kW class, long pulse (~1-10 s), Prototype-1 
Phase-3, development of a 500-kW class, long pulse (~1-10s), Prototype-2   
The paper aims to present and discuss the road map proposal for an indigenous development of a 170 
GHz gyrotron in detail.  
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Abstract— A study of position determination of objects has been 

done by using a microwave imaging system which is based on 

stepped frequency continuous wave (SFCW) radar. The experiment 

has been performed over a frequency range 2.0 GHz to 4.0 GHz. The 

clutter reduction has been done by applying the Singular Value 

Decomposition (SVD) method over a B-scan data. Further, the image 

thresholding algorithm is applied to enhance the image quality, to 

determine the target position and target span along the cross range. 

Index Terms—Stepped frequency continuous wave (SFCW), 

Vector network analyzer (VNA), Singular value decomposition 

(SVD). 

I. INTRODUCTION 

Microwave imaging has got popularity since last two decade 

with a large number of application areas like remote sensing, 

agriculture, and food industry, mining industry, military 

surveillance, and rescue operations [1]. Microwave imaging 

systems use ranging technique to extract the object 

information embedded in a dielectric medium. Radars 

basically work by emitting a narrow period pulse through the 

transmitter antenna and then receive the pulse reflected by 

some object through the receiver antenna. For time domain 

radars the range resolution depends on the narrowed time 

pulses while in the case of frequency domain radar the 

resolution depends on frequency bandwidth [2], [3].  

 

In this work, some previous works on the through-wall 

imaging system, ground penetrating radars, free space imaging 

etc., based on stepped frequency continuous wave (SFCW) 

systems were investigated and the system was implemented in 

a lab environment. The procedure of data collection from a 

calibrated system was explored and study of post processing 

on the collected data was also performed.   

 

The main aim of any imaging system is to preserve the target 

response and suppress the non-target reflections or clutter. 

Various techniques exist to reduce the clutter for GPR and 

TWI systems [5], [6], [7]. In this paper, Singular Value 

Decomposition (SVD) technique is applied to remove the 

clutter and for detection of target span in cross range direction, 

thresholding algorithm is applied as given in [6]. We have 

extended this work and applied median filtering before image 

thresholding which improved the resulting B-scan binary 

image and helped in finding the span of the target. This work 

is organized in the following sections. In section 2, 

experimental setup along with data collection is described. 

Section 3 covers post processing steps, section 4 illustrates 

result and discussion. Finally concluding remarks are provided 

in section5. 

 

II. EXPERIMENTAL SETUP 

 

Data collection for image generation was performed with the 

help of a mono-static step frequency continuous wave system 

as shown in Fig. 1 in Electronics engineering Department of 

IIT (BHU) Varanasi India. The Microwave imaging system 

was assembled with a two-port vector network analyzer 

(VNA), horn antenna and other sub-components under 

laboratory conditions. The antenna was mounted on a scanner 

which can move in two cross range directions i.e. vertical and 

horizontal. An aluminum sheet of size 30x30 cm was kept as 

the target at a distance of 180 cm. The schematic diagram of 

microwave imaging system is represented in Figure 1. 

 

 

 
Fig. 1: Schematic of microwave imaging system 

 
 

The S parameter S11 received at any measurement point, is 

called A-scan and collected signal is presented as strength 

versus time delay or distance, also called range profile [6]. The 

data acquisition parameters for a single A-scan, are listed in 

Table 1. A-scans following a straight line in cross range 
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direction were taken at 21 measurement points to complete a 

single B-scan. The data collected for a B-scan was transferred 

to PC for post processing. 

 

Parameters Values 

Number of points (NOP) 201 

fstart 2.0 GHz. 

fstop  4.0 GHz. 

Bandwidth (BW)  2.0 GHz. 

IF Bandwidth  10.0 KHz. 

 
Table 1: Data acquisition parameters   

 

III. POST PROCESSING 

The post-processing of acquired data is done in MATLAB 

script in Windows 10 environment. The processing steps are 

mentioned as following. 

 

Step1: Data conversion from a frequency domain to time 

domain.  

Step2: Mapping from a time domain to spatial domain or A-

scan generation.  

Step3: Generation of B-scan using A-scans obtained in 

previous steps. 

Step4: Apply Singular Value Decomposition (SVD) on a B-

scan image and get the image corresponding to first 

subspace.  

Step5: Pass the image obtained in the last step through a 

Median filter.  

Step6: Apply the thresholding algorithm upon the median 

filtered image which gives a sharp B-scan image. 

 

Two main concerns related to post processing are information 

transformation and information refinement.  

 

A.  Data Transformation 

The stored data for a B-scan image is in the frequency domain 

and is transformed into the time domain and scaled into spatial 

domain as given in [7]. The spatial domain expression is given 

by equation (0.1)             

1

2 2
K

k k max

k

s(z) s(f )exp(j f ) z / c ;   0 < z < zπ
=

=∑                   

(0.1) 

Where (f )ks  is received signal in frequency domain, z is 

downrange distance calculated as / 2z ct= , c is the speed of 

light in air, K is the maximum number of frequency points. 

The maximum unambiguous range is given as  

 
max / 2z c f= ∆                                        (0.2) 

and range resolution 
/ 2z c k f∆ = ∆                                 (0.3) 

Where f∆ is frequency step size. 

B.  CLUTTER REDUCTION 

The second concern with information refinement deals with 

clutter reduction. To find the target signal, reference clutter 

signal is subtracted from the received data but finding a 

reference clutter is a hard task so other signal processing 

techniques are applied to overcome this problem. Mean 

differencing is one of the effective methods to remove the 

reference clutter. 

SVD is being widely used in the field of Image processing and 

signal processing for data analysis purpose. In this work, we 

are using this decomposition technique to separate clutter and 

signal subspaces in order to increase the signal to noise ratio. 

Let a B-scan image be represented by ×M N  the matrix 

(where 1,2........=t M and 1,2.......p N= ). Here t  denotes 

the time index and p   is antenna positions index and the 

number of discrete time points is greater than the number of 

discrete antenna positions.  Mean difference image x can be 

decomposed as  

                                     
T

x USV=                                (0.4) 
Where (U ) and (V ) are left-hand side and right-hand side 

unitary matrices respectively and their columns are known as 

singular vectors. 1 2( , ,.... )rS diag σ σ σ= where σ s are the 

singular values or weights satisfying the property of  

1 2( ..... )rσ σ σ≥ ≥ ≥ . Mean differenced image can be 

decomposed in different subspaces as following  

                     1 2 ....... NX M M M= + + +                         (0.5) 

Our aim is to identify which subspace contains the target 

response. In our case, we are getting target response in 

1M corresponding to 1σ  and is given as  

     
arg 1 1 1 1t etI M u vσ= = × ×                         (0.6) 

 

C.  Median Filtering 

Median filtering is a nonlinear method used to remove noises 

from the images. It is widely used as it is very effective at 

removing noise while preserving edges. It replaces the value 

of a pixel by the median of the intensity levels in the 

neighborhood of the pixel [8]:  

 
( , ) S

(x, y) { (s, t)}
xys t

median gf
∧

∈
=                          (0.7) 

 

D.  THRESHOLDING 

Thresholding is the simplest method of image segmentation, 

applied to any image in order to differentiate the object from 

its background. We applied thresholding to the image obtained 

after IFFT followed by SVD along with median filtering. Let 

any pixel of the image have the signal value p, then signal at 

each pixel value is normalized as follows: 

 max

max min

normalized

P P
P

P P

−
=

−
                                 (0.8) 
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Where Pmax is the maximum value and Pmin is the minimum 

value of the signal present in the image upon which the 

thresholding is applied. The threshold value (T) for the pixel 

value is chosen as 

 T µ σ= +                                  (0.9) 

where μ is the mean of Pnormalized and σ is the standard 

deviation. 

IV. RESULTS & DISCUSSION 

The experiment was carried out for detection of a metal plate 

and A-scans were taken at different positions in a vertical 

plane where x and y represent the horizontal and vertical 

movement of the antenna, mounted on the scanner. 

Measurements were taken at different values of x and making 

y= constant for a complete B-scan which is shown in Figure 2. 

We can observe here the intensity variation is following some 

maxima-minima pattern in down-range direction. We are 

getting a strong reflection from 12
th

  to 17
th

 position 

corresponding to the 30th range bin implicating that target is 

present in this range bin corresponding to 12 to 17th scan 

along cross range direction. Strong reflections can be observed 

due to antenna impedance near to the antenna and its value is 

very much higher than target signals.   

 
Figure 2: B-scan image 

 

The clutter reduced B-scan image corresponding to first 

singular value
1σ  after SVD is shown in Figure 3. We observe 

that in the resultant image in subspace 
1M contains the target 

signal strength much more than other noise creating reflections 

and allows to apply further processing steps.   

 

Thresholding is applied for getting the binary image of the 

arrangement so the other variations present in the image get 

vanished and converted in zero logic while strong reflections 

due to the target are kept as logic high, which helps in 

determining the target span in the cross range direction. Image 

thresholding is applied directly on the image obtained after 

SVD steps which give the output image shown in Figure 4.  

 

A median filter is applied on clutter removed image after SVD 

and before thresholding, which gives better  result as shown  

  
Figure 3: B-scan image after clutter removal by SVD 

 

 
Figure 4: Threshold after SVD 

 

in Figure 5. Introducing median filtering helps in preserving 

the edge information and hence helps in proper threshold 

selection which improves the final B-scan image.  

 

 
Fig 5: Threshold after SVD along with Median Filtering  

 
 

V. CONCLUSIONS 

Study of microwave imaging system is performed to 

determine the position of the metallic target in down range and 

cross range direction. Various steps are involved in post 

processing of frequency domain data to generate a B-scan 

image, like the transformation of domains and clutter 

reduction technique based on SVD is discussed. The obtained 

B-scan image is processed with median filtering followed by 
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image thresholding in order to get the span of the object along 

the cross range direction. Improvement in the result is 

achieved by introducing median filtering before thresholding. 

In future, the discussed methodology can be applied for 

generation of the C-scan image.  
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1) Abstract— A review of target detection and its shape 

information using stepped frequency continuous wave radar 

system (SFCW) is presented in this paper. A  Vector network 

analyzer (VNA) and the antenna is used for assembling radar 

in a lab environment and the further processing of data gives 

the object's range profile. Further using these range profiles' 

information, a B-scan image is generated and using an 

ensemble of the B-scan's image, a C-scan image is generated. 

Finally using this C-scan image, an approximate shape of the 

target can be predicted  
Keywords—Stepped frequency continuous wave radar (SFCW), 

Vector network Analyzer (VNA). 

II.  INTRODUCTION 

In recent years radar systems have been used in microwave 
frequency range (0.3 GHz to 300 GHz) for object detection, 
velocity measurements, human positions, guidance, weather 
prediction, and imaging [1].This paper introduces some of the 
basic concepts and techniques involved in stationary target 
detection and its approximate shape. Microwave radar for 
imaging purpose operates either in the time domain or in the 
frequency domain. In time domain pulse radar is used which is 
based on time-of-flight measurements for range information 
whereas in frequency domain frequency modulated continuous 
wave radar (swept or stepped) is used which is based on the 
phase of the reflected signal for determining the range [1]. 

In SFCW radar a synthesized pulse is formed from a series 
of continuous wave signals in a given frequency range. 
Continuous transmission of signals lead to increase in 
transmitter power and hence more distance can be covered 
using SFCW radar as compared to pulse radar [2].Stepped 
frequency continuous wave radars (SFCW) have the ability to 
work faster and they are implemented with the help of vector 
network analyzer (VNA).SFCW radar is chosen for target 
detection over another type of radars due to several advantages 
such as controlled transmission frequencies, efficient use of 
power, lower noise figure and high resolution[2]. The idea is 
to use SFCW radar to scan the environment in front of the 
antennas and try to identify any targets even if they are behind 
the wall. With the help of various scans (A-scan, B-scan, C-

scan) we can find target presence, location, and its 
approximate shape. 
 

 

Fig. 1.  Simplified Diagram of stepped frequency continuous wave radar 
[2]. 

III. OPERATION OF SFCW RADAR 

Stepped frequency continuous wave radar is implemented 

with the help of vector network analyzer and antenna in the lab 

environment. Vector network analyzer is used to simulate 

transmitted and received radar signals in lab environment [3]. 

SFCW radar contains an RF source which is stepped in linear 

and equal increments over a start to stop frequency. The 

resulting signal is formed by combining the received signal 

with the portion of transmitted one. Now, this resulting signal 

is digitized at each step with the help of analog to digital 

converter (ADC) and stored. After each complete sweep, a 

Fourier transform is performed to convert the data from the 

frequency domain to the time domain and range profile is 

obtained. This is the process of creating the synthesized pulse 

[2]. 

The important parameters of radar are range resolution and 

unambiguous range. The furthest distance that a target can be 

determined without aliasing occurring is called the 

unambiguous range and is given by 
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f



                                       (1) 

where v is the velocity of light and f is the frequency step 

[2]. 

The ability of radar to resolve between two closely spaced 

targets is called range resolution and is given by 

2

v
r

B
                                          (2) 

 

where B is bandwidth [2]. 

In SFCW radar, range resolution depends upon the 

bandwidth, the wider the bandwidth, the more the resolution, 

but for transmitted signal to be able to penetrate the target 

properly, the frequency should be low enough. Hence there is 

always a compromise between resolution and penetration [5], 

[6]. 

IV. RANGE PROFILE AND SCANS 

 
The data collected from VNA gives the magnitude and 

phase of the scattered signal. Different type of signal 
processing is done with VNA data to get valuable information 
about the target. The data collected by VNA is converted from 
frequency domain to time domain and then into the spatial 
domain. The signal obtained by placing the antenna at a single 
point is presented as signal strength versus time delay or 
distance, the graph representation of which is called range 
profile. This range profile is also called as A-scan. A-scan 
gives information about the target presence and its location 
and it can distinguish different targets in down-range profile 
but does not tell an actual number of targets present in the 
scenario. The next level of information is B-scan obtained by 
placing the antenna at different positions. The B-scan image is 
formed by arranging several A-scan in the horizontal direction 
as shown Fig. 2 [4], [7]. 

B-scan is a two-dimensional image consists of cross range 
(antenna position) in its horizontal direction and down range 
(distance from the antenna along the direction of propagation 
of wave) in its vertical direction [5]. B-scan gives the 
information about the different target and their locations but 
doesn't give any information about the shape. The next level 
of information is C-scan and is obtained by collecting several 
B-scans in a plane. C-scan is a three-dimensional image and 
gives information about the height of the target. C-scan data 
can also be used for forming two-dimensional images. With 
the help of C-scan data two-dimensional images can be 
formed by taking a fixed target plane which is selected by 
observing range profile (or A-scan) [4]. Observing these scans 
we cannot tell the actual shape of the target but still, important 

information such as target presence, its location, and its 
approximate shape can be inferred [7].  

 

 

Fig. 2. B-scan formation using A-scan 

V. CONCLUSION 

SFCW radar technique for target detection in microwave 
regime is one of the promising techniques due to its high range 
resolution and controlled transmission of frequencies. The 
intention in writing this paper is to introduce some of the basic 
concepts involved in target detection using SFCW radar and 
its different range profile. 
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Abstract— This paper presents the feasibility of low-cost PLA 

material for the creation of 3D electromagnetics structures as a 

radiator. PLA material is a thermoplastic having a dielectric 

constant (ԑ𝒓) of 3.47 and dissipation factor (tanδ) of 0.073. 

Triangular dielectric resonator antenna (TDRA), Cylindrical 

DRA (CDRA), and Rectangle DRA (RDRA) with coaxial feed has 

been developed based on PLA material for broadband 

applications. Proposed antennas cover wide bandwidth of 

74.78%, 78.78% and 63.15% (|S11| < -10dB) for CDRA, RDRA 

and TDRA respectively. Operating band of the antenna covers 

partially C-band (4GHz-8GHz), fully X-band (8GHz-12GHz) and 

partially Ku-band (12GHz-18GHz). Thus, proposed antennas can 

use for variety of applications such as weather monitoring, air 

traffic control, defense tracking, space research, mobile satellite 

service and radio navigation. The design and optimization of 

DRAs are carried out using the Ansoft HFSS 3D full-wave 

electromagnetic (EM) simulation software. 

Keywords— Compact, Low Cost, 3D Printing, PLA, 

Conventional DRAs, Broadband    

I. INTRODUCTION 

The feasibility of PLA material for the development of 3D 

electromagnetics structures as a radiator is investigated which 

is operating in C-band, X-band and Ku-band. A Triangular DR 

Antenna (TDRA), Cylindrical DR Antenna (CDRA), and 

Rectangle DR Antenna (RDRA) with coaxial feed have been 

investigated. The design and optimization of DRA is carried 

out by using the Ansoft HFSS 3D full-wave electromagnetic 

(EM) simulation software [1]. The proposed antenna features 

wide bandwidth, light weight and small size. 

The dielectric resonators used as radiator is PLA which is a 

thermoplastic having a dielectric constant (Ꜫ𝒓) of 3.47 and 

dissipation factor (tanδ) of 0.073 [2]. Antenna is designed on 

top of a symmetrical square ground of thickness GT=0.5mm 

and sides SxS (S=35mm). An optimized copper pin of radius 

Pr=1.2mm and height PH=4.3mm is inserted in DR with an air 

gap (AG) to electrify the DRAs of different shapes. These 

various shapes of DRs is optimized to acquire good impedance 

matching in a wide frequency range without altering copper 

pin of radius Pr and height PH, so that the same feed line 

prototype can be used to excite various shaped DRs. Fig. 1 

shows the configuration of proposed RDRA whose length and 

breadth (LRDRA=BRDRA=8.5mm) along x and y axis respectively 

are equal and height (HRDRA) along z- axis is 8.5mm in which a 

pin of radius Pr and height PH is inserted. The optimized air 

gap between ground plane and rectangular DRA is AGRDRA = 

2.5mm and the height of the inserted pin into the DR persist 

only PiRDRA=1.8mm. 

 

 
(a) 

 

 
(b) 

Fig. 1. Geometry of proposed RDRA: (a) Dimetric view, (b) Side view 

 

Fig.2 shows the variation of reflection coefficient versus 

frequency for different values of air gap. It is observed that as 

the value of the AGRDRA increases reflection decreases and 

hence perfect impedance matching within wide band-width for 

|S11| < -10 dB ranging from 7.2GHz to 16.1GHz with two 

resonating dip at 9.7GHz (-24.7 dB) and 12.7GHz (-24.8 dB) 

at the value of AGRDRA=2.5mm. 

 

 
Fig. 2. Reflection coefficient versus frequency for different values of air gap 

 

DRAs of other shapes are optimized and designed in identical 

way. The values attained for different initialism for cylindrical 

and triangular shaped DRAs are shown in shown in Fig. 3 and 

Fig. 4 respectively. The radius and height of proposed CDRA 
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is RCDRA=4.6mm and HCDRA=6.6mm, which have air gap 

(AGCDRA) of 3.2mm. The height of pin insertion in CDRA is 

PiCDRA=1.1mm. Similar TDRA is also examined and optimized 

values procured are  LTDRA=8.6mm and height HTDRA=7.2mm, 

air gap inserted between ground and DR is (AGTDRA) 3.1mm 

and inserted pin height is (PiTDRA) 1.2mm. 
 

 
(a) 

 
(b) 

Fig. 3. Geometry of proposed CDRA: (a) Dimetric view, (b) Side view 

 

 
(a) 

 

 
(b) 

Fig. 4. Geometry of proposed TDRA: (a) Dimetric view, (b) Side view 

II. RESULTS AND DISCUSSIONS 

The comparison plot of reflection coefficients for different 

shaped DRAs as a function of frequency is shown in Fig. 5. It 

is also observed that RDRA achieves higher impedance 

bandwidth of 78.78%, while CDRA and TDRA achieves 

74.78% and 63.15% respectively for |S11| < -10dB. Fig. 6. 

shows the peak gain versus frequency in whole frequency 

band of operation for various shapes. It is found that the 

average peak gain within the operation band of RDRA, CDRA 

and TDRA is 4.5dB, 3.8dB and 4.3dB respectively at its 

resonance.  

The Co-polar and Cross-polar radiation pattern i.e. Gain-ϕ and 

Gain-θ along E-plane (ϕ=0⁰) and H-plane (ϕ=90⁰) of a RDRA, 

CDRA and TDRA are shown in Fig. 7, Fig. 8, and Fig. 9 

respectively at two frequencies i.e. 9.6GHz and 12.6GHz. It is 

clearly seen that the intensity of the radiated power goes into 

two directions with a null at θ= 0⁰, hence, the patterns are bi-

directional radiation patterns which ensure that antennas are 

broadside antennas where the maximum radiation occurs 

along the axis of the antennas.  
 

.  

Fig. 5. Reflection coefficient versus frequency curve for various shapes 
 

  
Fig. 6. Peak Gain versus frequency curve for various shapes 

 

 
(a) E-Plane                           (b) H-Plane 

i.  

 
(a) E-Plane                          (b) H-Plane 

ii.  

Fig. 7. Radiation patterns of RDRA: (i) 9.6GHz, (ii) 12.6GHz 
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(a) E-Plane                           (b) H-Plane 

i.  

 
(a) E-Plane                          (b) H-Plane 

ii.  

Fig. 8. Radiation patterns of CDRA: (i) 9.6GHz, (ii) 12.6GHz 

 

 
(a) E-Plane                           (b) H-Plane 

i.  

 
(a) E-Plane                          (b) H-Plane 

ii.  

Fig. 9. Radiation patterns of TDRA: (i) 9.6GHz, (ii) 12.6GHz 
 

The efficiency of the PLA based resonator antennas are more 

than 85% within the operating band of RDRA, CDRA and 

TDRA as shown in Fig. 10. 

 

 
Fig. 10. Radiation efficiency versus frequency curve for various shapes 

III. CONCLUSION 

PLA based DRA is investigated to get broadband 

impedance bandwidth. Gain within the operating band has been 

varying between 3dB to 4.8dB with more than 85% radiation 

efficiency. Proposed antennas has been covered wide 

impedance bandwidth of 74.78%, 78.78% and 63.15% (|S11| < -

10dB) for CDRA, RDRA and TDRA respectively. Thus, such 

proposed antennas can use for variety applications such as 

weather monitoring, air traffic control, defense tracking, space 

research, mobile satellite service, radio navigation, and many 

other applications of C-band, X-band and Ku band.  
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Abstract— In this paper, RF behavior of a 165 GHz, 1.5 MW,  

coaxial gyrotron, with triangular corrugations on its insert, 

suitable for Electron Cyclotron Resonance Heating of plasmas in 

fusion experimental reactor is presented. Interaction circuit is 

designed by performing the cold cavity analysis. Self-consistent 

Single mode calculation conforms the efficiency of 39.75% with 

the output power of 1.433 MW for the optimized beam 

parameters. Calculations are done with our in-house code 
Gyrotron Design Suite (GDS V 4.1). 

Keywords— Coaxial Cavity Gyrotron, Triangular corrugations, 

Self-consistent single mode calculation 

I.  INTRODUCTION  

There is an increase in demand for energy nowadays and 
our present day energy demands rely heavily on fossil fuels 
which are polluting and non-renewable. Renewable energy 
sources like solar, wind etc. are non-polluting, however these 
are incapable of generation of energy in large scale as the 
growing population demands. Nuclear fusion offers a viable 
solution to  this problem. For nuclear fusion to occur, 
temperature inside the reactor must reach 150 million degree 
centigrade. Electron cyclotron resonance heating (ECRH) is 
one of the method of heating plasma in the fusion reactors 
using high frequency megawatt class gyrotrons. Experimental 
fusion reactors require gyrotrons operating in frequencies 100-
200 GHz with the long pulse power of 1-2 MW. Commercial 
available megawatt class 140 GHz gyrotron has the output 
pulse length of 30 minutes. JAEA reported 170 GHz ITER 
gyrotron with the recorded output power of 1 MW, pulse 
length of 800s and efficiency of 55%. This gyrotron holds the 
world record energy of 2.28 GJ (0.8MW,60 min.) [1]. 

One of the major design goals in the development of 
megawatt class gyrotron is to keep the ohmic wall losses of 
the cavity within its limit. According to the present available 
cooling facilities ohmic wall loading of the gyrotron cavity 
should be lower than 2 kW/cm2 for the continuous wave (CW) 
operation. Higher order modes are chosen for the megawatt 
class gyrotron, so that for the given frequency radius of the 
cavity would be large, which can limit the peak wall loading 
of the cavity. Higher order operating mode poses severe mode 
competition problem and this can be overcome by the 
introducing insert in the conventional weakly tapered cavity 
resonator [2]. 

In coaxial resonator eigenvalue of the modes varies with 
the radii ratio C. Thus by using the tapered insert diffractive Q 
factor of the modes can be altered and hence mode 
competition can be controlled. Insert in the coaxial cavity also 

helps in the reduction of voltage depression of the beam and 
consequently increase the limiting current. Thus, the beam 
current of the gyrotron can be increased to the higher value for 
the coaxial resonator as compared to that of the conventional 
resonator [3]. Eigenvalue curves are immensely modified by 
the introduction of the slots in the insert and thus by varying 
the dimensions of the slots mode competition in the cavity can 
be controlled to the larger extent. Depth of the slot is chosen 
such that there should be a better tradeoff between ohmic wall 
loading of the insert and the mode competition [4]. 

Surface Impedance Model (SIM) for the calculation of 
eigen value and ohmic losses in the coaxial cavity gyrotron 
with rectangular corrugations on its insert has been reported 
by Iatrou et.al [4]. Short pulse operation of 165 GHz coaxial 
cavity gyrotron with rectangular corrugations on its insert has 
been performed at FZK and reported output power was 
around1.5 MW [5]. Ioannidis et.al presented eigen value and 
ohmic wall loss calculation for the rectangular corrugated 
coaxial cavity gyrotron using Spatial Harmonics Method 
(SHM) [6]. SHM analysis is useful when the number of 
corrugations in the insert are small or when the mode 
competition due to harmonic modes need to be included. 
Eigenvalue and ohmic wall losses calculations for a triangular 
corrugated coaxial cavity gyrotron using SIM was reported by 
Singh et. al. [7].  

In this paper, RF behavior studies of a 165 GHz, 1.5 MW, 
triangular corrugated coaxial cavity gyrotron, which include 
cold cavity design and  self-consistent single mode 
calculation, is presented. Operating mode is chosen as TE31,18. 
SIM is used for the calculation of eigenvalue and ohmic 
losses. The calculations are performed using our in-house code 
Gyrotron Design Suite (GDS V 4.1). Design goals for the 
coaxial cavity gyrotron is given in Table I. 

Table I. Design Goals for Coaxial Cavity Gyrotron 

Frequency 165 GHz 

Output Power 1.5 MW CW 

Beam Voltage (Vb) ~75 kV 

Beam Current (Ib) ~50 A 

Magnetic Field at the interaction 6.2-6.8 T 

Interaction Efficiency >35% 

Peak Ohmic loading at the cavity <2 kW/cm
2 
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II. MODE SELECTION AND INTERACTION CAVITY DESIGN 

A. Mode selection 

One of the main constraint in the design of mega watt class 
gyrotron is wall losses, in order to keep wall losses in its limit 
higher order modes are chosen. For this design studies chosen 
mode is TE31,18 which satisfies all design goals. Operating 
mode is chosen same as that of the FZK 165 GHz rectangular 
corrugated coaxial cavity gyrotron, so that wall losses in the 
insert can be compared. Self-consistent single mode 
calculation using GDS V 4.1 is benchmarked with the 
calculation of the FZK gyrotron. 

B. Cold Cavity Design 

Dispersion relation for a coaxial cavity with triangular 
corrugated insert is given by [7] 
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where C is the ratio of outer wall radius to the insert radius 
of the coaxial cavity. ω is the normalized impedance and is 
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Fig.1 (a) Cross section of Triangular Corrugated coaxial cavity, (b) Slot 
section of the insert. 

Ro and Ri are the outer and inner radii of the coaxial cavity. 
Total number of triangular slots in the insert is N, Rd is the 
depth of the slot, l is the length of the slot, s=2πRi/N is the 
period of slot and Cd is Ro/Rd. Since the number of 
corrugations is more than twice the azimuthal index, field 
structure is uniform inside the slot gap and hence Surface 
Impedance Model (SIM) is used for this design studies. 

Fig.2 shows the eigenmode curves for the operating mode 
along with the competing modes for different values of C 

ratio. Slope of the eigenvalue curves dꭓ/dC determines the 
diffractive quality factor Qd of the modes in the coaxial cavity 
with down tapered insert and thus by varying the slope, Qd of 
the modes with closer eigenvalues can be controlled. 

Operating C range is chosen such that dꭓ/dC is negative for 
the competing modes and around zero for the operating mode. 

Positive value of dꭓ/dC for the competing mode  should be 
avoided in the operating C range because this increases the Qd 
of the mode and hence decreases the start oscillation current of 
the mode. Fig.3 shows the eigenvalue curve for the operating 

mode TE31,18 along C ratio for the different values of depth of 
the slot. From the Fig. 3 it is observed that as the depth 
increases minimum value of the eigenvalue decreases and the 
positive slope portion of the curve move towards the higher 
values of C. Corrugations on the insert gives more flexibility 

in the control of the slope of dꭓ/dc. Operating C is chosen as 
3.6 and the coaxial insert is down tapered with the tapered 
angle of 10. Depth of the slot is optimized as 0.4 λ0 and l/s 
ratio is chosen to be 0.8. 

 

Fig.2 Eigen mode curves for the desired mode with competing modes 
(Ro=27.38 mm, Rd=0.40λ0, l/s=0.8, N=72). 

 

Fig.3 Eigenvalue curve of TE31,18 for the different slot depths     
(Ro=27.38 mm,  l/s=0.8, N=72). 

Diffractive Q factor in the cold cavity design is obtained 
by solving the Vlasov’s equation and this is given by 

2
2

2
0z

d f
k f

dz
                                                (3) 

where f is the normalized field amplitude in the cavity and 

zk is the axial propagation constant and is given by [3] 
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where 
0k

corresponds to the propagation constant at the 

midsection. Ro(z)=Ro+ΔRo and Ri(z)=Ri+ΔRi are the outer and 
inner radii of the coaxial cavity, where Ro and Ri are the radii 
at the midsection. 

Geometry of the interaction circuit is shown in Fig.4. From 
the cold cavity analysis, dimensions of the interaction cavity 
are optimized and is shown in Table II. Resonance frequency 
calculated through Cold cavity calculation is 164.96 GHz and 
diffractive Q factor is of 3223.4. The product of diffractive Q 
factor and the coupling coefficient for the operating and 
competing modes are plotted against the operating frequency 
and is shown in Fig.5. From the coupling plot, it is observed 
that operating mode is well separated from its competitors. 

 

Fig.4 Geometry of the interaction circuit [2]. 

 

Table II. Cold Cavity Design 
L1 / L2 / L3 22/22/30 mm 

θ1 / θ2 / θ3 3.0
0
 / 0

0
 / 1.5

0 

D1 /D2 4.0 / 0.0 mm 

Ro 27.38 mm 

Ri 7.2 mm 

Width of the slot l 0.50 mm 

Depth of the slot Rd 0.73 mm 

No of slots N 72 

Insert Taper angle θi -1
0 

Diffractive Quality factor Qd 3223.4 

Resonance Frequency 164.96 GHz 

 

 

Fig.5 Product of diffractive quality factor and coupling coefficient versus 
frequency 

C. Self-consistent Single Mode Calculation 

Self-consistent single mode calculation for this designed 
structure is done with our in-house code GDS V 4.1.           
GDS V 4.1 is benchmarked with single mode calculations of  
the FZK coaxial gyrotron and the calculated output (including 
losses) is 1.35 MW with the overall efficiency of 40.4 %. 

By varying the depth of the slots, peak wall loadings on 
the outer cavity and the insert side walls of the coaxial cavity 
are calculated and is shown in the Table III. It is observed that 
by increasing depth, peak wall loading on the insert start to 
decrease, which is very crucial in the megawatt class design. 
For a triangular corrugated insert, depth of the slot around 
0.3λ0 is avoided, so as to prevent serious competition from the 
second harmonic modes. By varying depths ohmic losses in 
the triangular corrugated insert can be controlled to the greater 
extent as compared to the rectangular corrugated insert. From 
the results of the Table III, depth of the slot is fixed as 0.4λ0. 

Table IV shows the Self-consistent single mode calculation 
results for a triangular corrugated coaxial cavity gyrotron for 
the optimized beam parameters. 

Table III. Variation in peak wall loadings  

Depth of the 

triangular slot 

dꭓ / dc ρouter  

(kW/cm
2
) 

ρinner side wall  

(kW/cm
2
) 

0.25λ0 -0.0836 1.9118 1.2096 

0.30λ0 -0.0392 1.9592 0.2324 

0.35λ0 -0.0232 1.9782 0.1102 

0.40λ0 -0.0137 2.0184 0.0778 

0.45λ0 -0.0067 2.026 0.085 

 

Table IV. Self-consistent Single mode calculation results 
Parameters Values 

Beam Voltage 72.1 kV 

Beam Current 50 A 

Electron Velocity ratio 1.07 

Magnetic field 6.48 T 

Beam Radius 9.41 mm 

Frequency 164.97 GHz 

RF power 1.496 MW 

Electronic efficiency 41.26% 

Output Power incl. losses 1.433 MW 

Total wall losses 63.73 kW 

Overall efficiency 39.75 % 

Ohmic loading on the outer wall 2.022 kW/cm
2
 

Ohmic loading on the insert top wall    2.76 x 10
-4

 kW/cm
2
 

Ohmic loading on the insert side wall 0.078 kW/cm
2
 

Diffractive Q factor Qd 3191.02 

Total Q factor QT 3060.70 

 

III. CONCLUSION 

RF behavior studies of a 165 GHz, megawatt class 
triangular corrugated coaxial cavity gyrotron has been 
presented. These studies include cold cavity design and self-
consistent single mode calculations. SIM has been used for the 
calculation of eigenvalue and ohmic wall losses. Calculations 
have been done with our in-house code GDS V 4.1. Self-
consistent calculation shows that output power/efficiency is 
1.433 MW/39.75% for 165 GHz operation. Time dependent 
multi-mode calculation for this design will be the extension of 
this work. 

 

VEDA-2016

158



REFERENCES 

[1] M. K. Thumm, “State-of-the-Art of High Power Gyro-Devices and Free 
Electron Masers Update 2014,” KIT Sci. Report, Ger., no. 7693, 2015. 

[2] M. V. Kartikeyan, E. Borie, and M. Thumm, Gyrotrons: High-Power 
Microwave and Millimeter Wave Technology. Berlin, Germany: 

Springer-Verlag, 2004. 

[3] G. S. Nusinovich, M. E. Read, O. Dumbrajs, and K. E. Kreischer, 
“Theory of gyrotrons with coaxial resonators,” IEEE Trans. Electron 

Devices, vol. 41, no. 3, pp. 433–438, 1994. 

[4] C. T. Iatrou, “Mode selective properties of coaxial gyrotron resonators,” 
IEEE Trans. Plasma Sci., vol. 24, no. 3, pp. 596–605, 1996. 

[5] C. T. Iatrou, O. Braz, G. Dammertz, S. Kern, M. Kuntze, B. Piosczyk, 

and M. Thumm, “Design and Experimental Operation of a 165-GHz, 
1.5-MW, Coaxial-Cavity Gyrotron with Axial RF Output,” IEEE Trans. 

Plasma Sci., vol. 25, no. 3, pp. 470–479, 1997. 

[6] Z. C. Ioannidis, O. Dumbrajs, and I. G. Tigelis, “Eigenvalues and ohmic 
losses in coaxial gyrotron cavity,” IEEE Trans. Plasma Sci., vol. 34, no. 

4 III, pp. 1516–1522, 2006. 

[7] S. Singh and M. V Kartikeyan, “Analysis of a Triangular Corrugated 
Coaxial Cavity for Megawatt-Class Gyrotron,” IEEE Trans. Electron 

Devices, vol. 62, no. 7, pp. 2333–2338, 2015. 

 

 

VEDA-2016

159



Study of Plasma loaded Gyrotron Coaxial cavity 

with Triangular corrugations on the insert 
 

Sukwinder Singh, Yuvaraj S, Gaurav Singh Baghel, and M.V. Kartikeyan 

Millimeter and THz Wave Laboratory, Department of Electronics and Communication Engineering, 

Indian Institute of Technology, Roorkee, India. 

E-mail: sukwinder@ieee.org, yuvarajoptim.90@gmail.com, gauravsingh.5290@gmail.com, kartik@ieee.org 

 

 
Abstract— Inside the gyrotron interaction structure, there is 

always some residual gas, which occurs because perfect vacuum 

cannot be achieved. This leads to creation of plasma. Moreover, 

inside the interaction structure magnetic field is also present. 

Plasma in the presence of magnetic field changes its characteristics 

to an anisotropic media. In plasma loaded waveguide, three 

families of modes can exist: plasma modes (space charge modes), 

cyclotron modes and waveguide EH and HE modes. The modes 

present in the plasma are hybrid modes with all six nonzero field 

components. The presence of the low-density plasma in a gyrotron 

interaction structure leads to the coupling of these families of 

modes and causes a shift in the eigenvalue of the operating mode. 

For the gyrotron case, the desired HE mode couples with the 

cyclotron mode. This coupling leads to shift in the eigenvalue of 

the HE mode. In this paper, effect of plasma is studied for TE31,18 

mode by changing plasma strength and geometrical parameters 

such as slot depth and cavity radius.  

Keywords— gyrotron; coaxial cavity; triangular corrugations; 

plasma; anisotropy; cyclotron.  

I.  INTRODUCTION 

Gyrotrons are powerful sources of coherent radiation that 
find applications in multiple areas. Gyrotrons are applied for 
electron cyclotron resonance heating in fusion reactors such as 
ITER [1]. For fusion to be possible, frequency above 100 GHz 
and megawatts of power is required. For such a scenario, 
coaxial cavity gyrotron presents a better solution when 
compared to conventional ones. The voltage depression in 
coaxial cavity is less and hence the limiting current is higher 
than conventional cylindrical cavity. Moreover, the mode 
eigenvalue is dependent on radii ratio (C=Ro/Ri, Ro is outer 
radius and Ri is inner radius) and hence mode competition can 
also be reduced. To enhance, the effect of inner rod, it is also 
corrugated. The inner rod of coaxial cavity can be corrugated 
with rectangular, wedge shaped or triangular corrugations.  
Analysis of rectangular cavity has been discussed by surface 
impedance method (SIM) in [2]. Wedge shaped corrugations 
have been analysed by SIM in [3] and by space harmonics 
method in [4]. Coaxial cavity with triangular corrugations on 
the insert offers low losses without causing the problem of 
localized heating and have been discussed using SIM in [5] and 
by space harmonics method in [6].  

Ideally, the inside of gyrotron cavity should be a perfect 
vacuum. However, this scenario cannot be achieved and hence 
there is always some residual gas left in the cavity. This leads 
to the creation of plasma. Plasma in the absence of magnetic 
field behaves as isotropic media but in the presence of it 

changes to an anisotropic media. In plasma waveguide, three 
families of modes can exist - space charge modes, cyclotron 
modes and waveguide EH and HE mode. EH mode corresponds 
to TM mode in vacuum waveguide and hence is sometimes also 
referred as quasi-TM mode. HE mode corresponds to TE mode 
in vacuum waveguide and is sometimes referred as quasi-TE 
mode. At cut-off EH and HE mode converts to TM and TE 
mode respectively. Anisotropy of plasma inside gyrotron cavity 
leads to coupling of the cyclotron mode and the desired HE 
mode [7]. 

In this paper, effect of plasma on TE31,18 mode propagating 
inside gyrotron coaxial cavity with triangular corrugations on 
the insert is discussed. Effect of changing geometric parameters 
such as slot depth, cavity radius and electrical parameter such 
as plasma strength is also studied.   

 

II. DISPERSION RELATION  

A. Magnetized plasma  

Plasma in presence of magnetic field acts as anisotropic media. 

The dielectric tensor of plasma in a magnetic field (including 

all charge species is) [8] 

𝜖 = [

𝜖1 𝜖2 0
−𝜖2 𝜖1 0

0 0 𝜖3

]  

𝜖1 = 1 −  ∑
𝜔𝑝𝑖

2

𝜔2  −  𝜔𝑐𝑖
2

𝑖

 

𝜖2 = −𝑗 ∑
𝑠𝑖𝜔𝑐𝑖𝜔𝑝𝑖

2
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2 )

𝑖

 

𝜖3 = 1 −  ∑
𝜔𝑝𝑖

2

𝜔2

𝑖

 

where 𝜔 is the operating frequency, 𝜔𝑐𝑖  is the cyclotron 

frequency, 𝜔𝑝𝑖 is the plasma frequency and 𝑠𝑖 is the sign of 

charge species i.  For gyrotron case the effect of ions on tensor 

is negligible. Hence 𝜖1, 𝜖2 and 𝜖3 can be written as 

𝜖1 = 1 −  
𝜔𝑝𝑒

2

𝜔2  −  𝜔𝑐𝑒
2

, 𝜖2 =
𝑗𝜔𝑐𝑒𝜔𝑝𝑒

2

𝜔(𝜔2  −  𝜔𝑐𝑒
2 )

  

  𝜖3 = 1 −  
𝜔𝑝𝑒

2

𝜔2
 

where 𝜔𝑝𝑒  is electron plasma frequency and 𝜔𝑐𝑒  is the electron 

cyclotron frequency. 
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B. Dispersion Relation 

Dispersion relation for coaxial cavity was derived by including 

the effect of cyclotron mode on the desired HE mode [7]. For 

derivation of fields in the slot region the cyclotron mode was 

ignored so as to reduce the complexity of the analysis.  For 

coaxial cavity with triangular corrugations on the insert, the 

dispersion relation using surface impedance method (SIM) is 

given by [7] 

[(𝑗𝑚𝛿1𝐶𝑅𝑜 − 𝑗𝑊𝜅2𝜒1
2)𝑍1𝑚 (

𝜒1

𝐶
) − 𝑅𝑜𝜅2𝜒1𝑍1𝑚

′ (
𝜒1

𝐶
)] =  

𝛽1𝜒1
2𝑍1𝑚(𝜒1)

𝛽2𝜒2
2𝑍2𝑚(𝜒2)

[(𝑗𝑚𝛿2𝐶𝑅𝑜 − 𝑗𝑊𝜅2𝜒2
2)𝑍1𝑚 (

𝜒2

𝐶
)

−  𝑅𝑜𝜅2𝜒2𝑍2𝑚
′ (

𝜒2

𝐶
) ]  

where 𝑍𝑡𝑚(𝑥) = 𝐽𝑚(𝑥) +  𝑑𝑡 𝑌𝑚(𝑥), 𝛽𝑡 =  𝛾 −
𝜅2

2

𝜅1
+ 𝑘⊥𝑡

2 ,

𝛿𝑡 =  𝛾 + 𝑘⊥𝑡
2 ,    𝛾 =  𝑘𝑧

2 − 𝜅1   (t = 1, 2). 𝜒1 represents 

eigenvalue of the cyclotron mode and 𝜒2 represents eigenvalue 

of the HE mode. W represents the impedance of the slot fields 

and can be represented by 

𝑊 =  
𝑖𝛾

𝛾2 + 𝜅2
2

𝜒2

𝑅𝑜

𝑙

𝑠

𝐽1(𝜒2/𝐶𝑑)

𝐽0(𝜒2/𝐶𝑑)
 

𝛾 is calculated by the relation [8] 

(𝛾2 +  𝜅2
2 + 𝛾𝑘⊥

2)𝜅3 + 𝑘⊥
2[𝜅1(𝛾 + 𝑘⊥

2) − 𝜅2
2] = 0 

Constant are calculated by applying the boundary conditions as 

given in [7]. 

III. RESULTS AND DISCUSSION 

The effect of plasma is studied for TE31,18 mode, by 
changing the plasma parameters. The coupling of the desired 
HE mode to cyclotron mode leads to shift in the eigenvalue of 

the desired HE mode from the nonplasma counterpart. The 
plasma strength inside the gyrotron cavity is calculated by 
assuming 60 % space charge neutralization. The increase in the 
strength of plasma leads to increase shift in the eigenvalue of 
the desired mode as shown in Fig. 1.  As the depth of 
corrugations increases, the eigenvalue shift to lower value. The 
eigenvalue of plasma loaded cavity follows the same curve but 
is slightly shifted owing to coupling as shown in Fig. 2.  

The increase in radius of the cavity leads to increase in axial 
propagation constant for the mode. Increase in axial 
propagation constant leads to increased coupling. This 
increased coupling leads to increase in shift of the eigenvalue 
from the vacuum case as shown in Fig. 3. 

 
Fig. 2. Comparison of eigenvalue of TE31,18 at 165 GHz in a plasma 

loaded coaxial cavity with triangular corrugations on the insert with 
non-plasma counterpart with different slot depths (Rd/Ri) (solid line: 

plasma case, Dashed line: nonplasma counterpart) and Ro = 28.6 mm, 

B0 = 6.48 T,  ne = 2 X 1017 /m3, Vb = 75 kV and l/s = 0.5. 
 

 

 
Figure 3. Eigenvalue of TE31,18 at 165 GHz in a plasma loaded cavity 

with triangular corrugations on the insert with different cavity radius 
(Ro1 = 28.6mm, Ro2 = 31 mm) for l/s = 0.5, Rd/Ri = 0.075, B0 = 6.48 T, 

ne = 2 X 1017 /m3 and Vb = 75 kV. 

 

 

 
Fig. 1. Eigenvalue of TE31,18 at 165 GHz in a plasma loaded cavity with 
triangular corrugations on the insert with different plasma strengths for 

Ro = 28.6 mm, l/s = 0.5, Rd/Ri = 0.07, B0 = 6.48 T and Vb = 75 kV. 
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IV. CONCLUSION 

In plasma waveguide three family of mode can coexist:  plasma 

modes (space charge modes), cyclotron modes and waveguide 

EH and HE mode. At cut-off, HE and EH mode converts to TE 

and TM mode. HE and EH mode are also called quasi-TE and 

quasi-TM, respectively. For gyrotron case, the presence of 

plasma leads to coupling of the desired HE mode and cyclotron 

mode. This coupling leads to the shift in the eigenvalue of HE 

mode. The coupling depends on the geometry of the cavity, 

plasma strength and magnetic field. Higher the plasma strength, 

higher is the eigenvalue shift. The increase in radius leads to 

increased axial propagation constant, which also leads to higher 

shift in eigenvalue of the desired HE mode. 
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Abstract- This paper reports the 3D particle-in-cell 
simulation of coherent Smith Purcell radiation (SPR) 
intensity enhancement in millimeter wave range. First, the 
simulation of single electron bunch is carried out to observe 
the processes of SPR and evanescent wave. Secondly, train of 
periodic electron bunches is used to pass over the grating. It 
is observed that the radiation frequency is locked with the 
bunch frequency. Thus, the SPR condition is satisfied. In 
addition, studies are carried out to analyze the SPR by 
varying the grating parameters. 

Keywords- Smith Purcell radiation; Millimeter wave; 
Dispersion relation; Gaussian electron bunch. 

I. INTRODUCTION 

Recent trends in developing compact, tunable and simple 
radiation sources at millimeter to terahertz frequencies, 
led the researchers to work on one of the old concept i.e. 
Smith- Purcell radiation (SPR). The availability of modern 
micro technology fabrication facilities also added value to 
the research interest. The SPR source has remarkable 
advantage as tunable coherent radiation source. It can 
either use as source in the THz (submillimeter) regime or 
detector for electron bunch length diagnostic. The 
challenge to SPR is to understand the physics to enhance 
the radiation power [1, 2, 3]. The SPR phenomenon is 
observed as an electron passes close to the surface of a 
periodic structure (e.g. grating) and well characterized by 
dispersion relation i.e.  
 

�
� �

�
|�| �

�
� 	 
���                  (1) 

 

Here, λ is the wavelength radiation, d is the grating 
period, n is the order of diffraction, β=v/c where v is the 
velocity of the electron and θ is the angle between 
direction of propagation of electron and radiation. Unlike 
transition and synchrotron radiation phenomenon, the 
SPR inherent intensity enhancement by the factor of 
Ng.Ne.Nb, where Ng is the number of grating period, Ne is 
the number of electrons in the bunch and Nb is the number 
of bunches.  
To understand the physics of SPR, 3D Particle-in cell 
simulation using Microwave Studio CST is performed. 
Initially, the coherent SP radiation is observed by exciting 
the rectangular metallic grating with single electron bunch 
and train of electron bunch. Then, the simulations are also 
carried out to analyze the effects of different parameters 
like number of grating period, number of electron in the 
bunch, grating dimensional parameters, etc.  

II. SIMULATION AND RESULTS 

Fig.1 shows the simulation model of rectangular grating 
with electron beam source and electric probes to 
diagnose the radiation frequency.  The main parameters 
of the simulation are specified in Table I. A cylindrical 
electron beam source emits Gaussian profile electron 
bunch of energy, 100keV, has been used to excite the 
grating of 20 periods. Except the bottom of the 
simulation area, all sides have open boundary with add 
space. The simulation time duration is set enough for 
electron bunch to pass over the grating length and SPR 
phenomenon to occur. 

 

Fig. 1. Model of rectangular grating with electron beam source 
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Table 1. Parameters for simulation 

Electron bunch of energy 100keV 

Charge 50pC 

Period of grating (p) 1.5 mm 

Grating groove width (w) 0.35mm 

Grating groove depth (d) 0.6mm 

Bunch–grating distance (a) 1mm 

Number of periods 20 

Axial magnetic field 2T 

1st order SPR frequency range  77-340 GHz 

 

 
Fig. 2. Contour map of electric field component at t=0.8ns. 

 

Fig. 3. Contour map of electric field component for evanescent 
frequency, 74GHz. 

 
Fig. 4. SP radiation at 96GHz frequency with evanescent wave. 
  
Using particle-in-cell code of CST, we observed that the 
electron bunch radiates from each period. When the 
electron bunch passed over the grating crescent shaped 
radiation wave fronts are formed and number of crescent 
is equal to the number of groove (Fig. 2). This 
phenomenon confirmed the generation of SP radiation 
[4, 5]. According to equation (1), the bunch length is set 
to 6.5ps, i.e. small compared to the SP radiation 
wavelength. Hence, coherent radiation is generated 
which depends only on grating period and electron 
bunch velocity. The intense SP radiation of frequency 

96GHz is observed at an angle, 120° w. r. t direction of 
electron bunch propagation (Fig. 4). The evanescent 
radiation is also observed at 74GHz. The evanescent 
wave oscillates and diffracting from end of the grating, 
as shown in Fig.3 [6]. In Fig.3, the intensity of 
evanescent wave is high due to position of diagnose 
probe is very near to the end of the grating.  

Fig. 5. Variation of SP radiation intensity w. r. t  no. of electron in a 
bunch. 

 
Fig. 6. Variation of SP radiation intensity w. r. t depth of grating. 

 
Fig. 7. Variation of SP radiation w. r. t width of grating. 

Further, the analyses of single bunch are carried out for 
different grating parameters through simulation. Fig. 5 
shows the variation of intensity of SP radiation w. r. t 
number of electron charge in a bunch. It is observed that 
the SP radiation intensity increases with increase in 
charge. Below and above 50pC, the radiation spectrum 
covers a broad frequency band. Similarly, when the 
groove depth or groove width is relatively large, the 
radiation spectrums cover a broad frequency band 
without obvious radiation peaks, as shown in the Fig. 6 
(i.e. d=0.9) and 7 (i.e. w=0.55), respectively [7]. In 
comparison to above fact, if both the groove depth and 
groove widths are relatively small, the radiation intensity 
will reach sharp peaks at a certain frequencies, as shown 
in the Fig. 6 (i.e. d=0.4) and 7 (i.e. w=0.15), 
respectively. Through simulation, it is also observed that 
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the SP radiation intensity increases with increase in 
number of grating periods at a particular angle.  

 

Fig. 8. Comparison of SP radiation intensity between (a) single electron 
bunch and (b) multiple electron bunch (40 numbers). 

In addition, the simulation is carried out for increase in 
the number of bunches of electron with same grating 
parameters and each single bunch parameters are the 
same as mentioned earlier. Within the time duration of 
simulation, 40 bunches are generated and enter the 
simulation area with a repetition frequency of 100GHz. 
Fig. 8 shows the SP radiation peak at first and second 
harmonics. The dominant radiation peak frequency is 
equal to the bunch frequency at an angle of 112°, which 
follow the equation (1).  

III.  CONCLUSION 

In summary, we have study the coherent SP radiation 
through simulation of open rectangular metal grating 
using three dimensional PIC code. The single bunch 
electron helps to distinguish the true SP radiation and 
evanescent wave. The single peak SP radiation frequency 
with maximum intensity depends on various factors i.e. 
angle of radiation, number of electron charge in a bunch, 
groove depth and groove width, number of grating periods 
and number of electron bunches. The analyses of each 
factors is demonstrated through the simulation. To 
develop a realistic SPR device, it is also proposed to carry 
out study with DC electron beam and non-relativistic 
bunch.  
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Abstract 
 
 
Gyrotrons are fast-wave microwave devices based on the principle of interaction of gyrating electron 
beam with transverse electric mode in the cavity. High-power beam emitted from the electron gun 
interacts with the RF electromagnetic fields in the cavity. A high magnetic field in the cavity region 
focusses the electron beam and establishes the frequency of operation. Orbital modulation occurs in 
the beam cavity interaction region. Orbiting electrons rotate in near synchronism with the alternating 
electric field and transfer energy to the field (RF amplification).  
 
A high field magnet is being developed at BARC for the 42 GHz, 200 kW, CW long pulse Gyrotron 
for Indian Tokamak system at IPR, Gandhinagar [1]. The cavity magnet is required to produce a high 
and spatially homogeneous magnetic field for beam–wave interaction. The desired magnetic field as 
a function of axial distance from Magnetron Injection Gun (MIG) to the collector is governed by the 
requirements of gun optics, focusing field in the RF interaction region, and the adiabatic expansion 
of the beam into the collector. Electrons in the beam spiral about magnetic flux lines in synchronism 
with the transverse RF electric field. The transverse energy of the electrons is used to amplify the E 
field [2].  
 
3D Electromagnetic simulation studies were carried out to compute the magnetic field intensity and 
field uniformity. Particle trajectory studies were performed for estimation of beam transmission 
through the Gyrotron tube. Owing to the large air gap and requirement of high field intensity in the 
Good field Region (GFR), the exciting coils need to handle high current densities. This necessitates 
use of water cooled systems. Dual Pan-Cake coil design is selected for powering the magnet. 
Electrical, thermal and hydraulic design of the electromagnet has been completed. The paper 
discusses the electromagnetic design of the cavity magnet being developed at BARC. 
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Abstract 
 
 

A typical four-section beam tunnel in which each section contains four metal and four ceramic discs 
is proposed. In order to study the transmission characteristics of a typical four-section beam tunnel 
we choose metal disc of Copper and lossy ceramic disc of Aluminum Nitride and Silicon Carbide 
composite. In this beam tunnel, we propose to maintain a constant outer radius of metal and ceramic 
discs. A computer program has been developed to obtain the inner radii of metal and ceramic discs 
for various sections for given thicknesses of metal and ceramic discs. Based on the parameters 
obtained, the beam tunnel is modeled in HFSS, and for various set of structure parameters the S-
parameters are calculated. It is desired to get more than 60 dB attenuation over a wide range of 
frequency centered at operating frequency of the gyrotron. Here, the transmission characteristics of 
beam tunnel for various set of dimensional parameters are studied and the dimensional parameters of 
the proposed beam tunnel are optimized. For the proposed bam tunnel more than 60 dB attenuation is 
achieved over the frequency range 85 - 105 GHz. It is further of interest to examine that the hollow 
electron beam radius over the various sections of the beam tunnel should not lead to beam-wave 
interaction, and if so it should not propagate toward the interaction cavity. For this purpose, the 
azimuthal electric field intensity of various azimuthally symmetric modes below the operating mode 
are plotted over the radial coordinate in various sections of beam tunnel and checked for the 
azimuthal electric field intensity values with the range of beam radius in corresponding section. It 
should always be avoided to have the electric field intensity maxima within the range of beam radius 
in corresponding section.  
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Abstract 
 
 

In this presentation, the electron beam trajectory simulation of a single stage depressed collector for a 
W-band gyrotron will be discussed. This collector needs to handle the spent beam power in a 
gyrotron having beam accelerating voltage of 55 kV and the beam current of 5 A. The collector 
being a bulkier region is considered at ground potential, however, the beam-wave interaction region 
is considered at +15 kV, which makes the collector depression of 15 kV (negative with respect to 
beam-wave interaction region). The geometry of the collector is considered as three sections: i) the 
open entrance conical section, ii) the smooth cylindrical section, and iii) the closed conical section. 
In order to simulate the beam trajectory from cavity to collector, the electron trajectories and spent 
beam power distribution data obtained from large signal analysis code ― Gyro-K have been fed to 
the CST-model of the gyrotron. The electro static simulation has been carried out after assigning the 
required potentials. The collector geometry and the magnetic field are profiled to ensure the landing 
of the gyrating electrons to the wider smooth cylindrical section for better thermal management. The 
collector geometry is decided with constrain not to exceed maximum allowable power density of 1 
kW/cm2. The length of the smooth cylindrical section is taken as approximately three times of the 
axial beam spread over the smooth cylindrical section. The sensitivity of the magnetic field is also 
studied. It has been ensured that for ±5% variation in the magnetic field profile would not shift the 
electron beam landing to conical sections, and the spent electron beam does not intercept anywhere 
while moving from cavity to collector.  The power dissipation on the collector is found to be 80.55 
kW. The collector efficiency is calculated as ~48% for 120 kW RF output. The maximum thermal 
loading on collector inner surface is estimated as 0.38 kW/ cm2. 
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Abstract 
 
In this paper, the Particle-in-Cell (PIC) simulation of a W-band Gyro-TWT is presented. A gyro-
TWT is based on the convective instability of relativistic electron cyclotron maser (ECM) 
mechanism, having a non-resonant structure as its RF interaction circuit that provides wider 
bandwidth and high power. Operation in W-band allows exploiting the 94 GHz window, which 
makes it a fast wave microwave source for high resolution imaging radar and high-data-rate remote 
communication system in millimeter and sub-millimeter wave regime [1]. In the present work, the 
RF interaction circuit has been loaded uniformly with a lossy material to suppress the potential gyro-
BWOs including TE02, TE11, and TE21 modes [2]. The modeled RF interaction structure of gyro-
TWT has been simulated using a 3D Particle-In-Cell (PIC) code [3] for studying its beam-wave 
interaction behavior. The simulation of the amplifier predicted a saturated RF peak output power of 
~140 kW in a fundamental TE01 mode at 92 GHz with 5% axial velocity spread, a conversion 
efficiency of ~29 % and the saturated gain of ~50 dB for a gyrating 100 kV, 5A electron beam. 
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Abstract

As a part of accelerator driven sub-critical reactor system (ADS), a normal conducting, low energy high intensity 

proton accelerator (LEHIPA) of energy 20 MeV and beam current of 30 mA is being developed at Bhabha Atomic 

Research Center (BARC). The Radio frequency (RF) system is one of the most critical subsystems of an RF 

accelerator system as it sets up electromagnetic fields inside the accelerating structure to accelerate the charged 

particles. The accelerating cavity along with the beam presents a very dynamic load to the RF system. So, RF power 

may get reflected from accelerating cavity side to RF source and damage the source. Thus it is necessary to keep the 

reflected power within the desired limit. This can be done using a protection system coupled with directional couplers, 

which are four port devices and are used at different locations, to measure forward and reflected power. A waveguide 

based loop type directional coupler has been designed as a component of the 352.21 MHz, 1 MW klystron based RF 

system for LEHIPA. It is a WR2300 waveguide based full height structure designed  to operate in TE10 mode. It has 

loops inserted in its broad walls, one at top and one at bottom, for measurement of forward and reflected power 

respectively. Simulation of the directional coupler was done in CST microwave studio and the developed structure 

was integrated with klystron and tested at high power (540 kW). The important parameters of the fabricated 

directional coupler were coupling factor= 55 dB and directivity =27 dB respectively. In this design, movable type 

coupling element has been used. This is a unique feature of this design as it facilitates online optimization of design 

parameters. Thus coupling factor can be varied within a range while maintaining a high value of directivity. In this 

paper overall design of loop type directional coupler, simulation results and comparison between simulated design 

values and measured values of the developed structure will be presented. 
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Abstract—RRCAT is developing 10 MeV, 5 kW electron
linear accelerator for radiation processing application.
We have indigenously designed, fabricated, installed and
tested 50 kV triode type electron gun was designed using
E-Gun and CST’s particle tracking computer codes. The
fabrication of the parts of the electron guns was done
at RRCAT. A dispenser cathode has been used as source
of electrons in these electron guns. These electron guns
have been extensively used in the indigenous developed
travelling wave electron linear accelerator as well as
one imported accelerating structure. They have been
tested for long durations for endurance testing. Schemes
adopted and the results of performance of the linear
accelerator along with electron gun have been described.

Index Terms—Electron gun, LINAC, Cathode.

I. INTRODUCTION

A 10 MeV travelling wave electron linear accelerator
for radiation processing applications is under develop-
ment at RRCAT. The linac is designed and developed
indigenously to deliver beam power of 5 kW at energy
level of 10 MeV. It consists of electron gun, accel-
erating structure, microwave system, control system,
beam injection, focusing system, vacuum system, beam
energy measurement system and safety system. The
electron linac is mounted in horizontal configuration
with a 50 keV electron gun as source of electrons
and the accelerating structure is powered by 6 MW
klystron based microwave system at nominal frequency
of 2856 MHz. Beam trial experiments as well as
endurance testing have been carried out to achieve the
beam energy of 10 MeV and 5 kW beam power. This
paper describes the performance of accelerator using
the indigenously developed electron gun. [1]

II. SYSTEM DESCRIPTION

The source of electron is a thermionic gun operating
at 50 kV cathode voltage. The linac structure is a
traveling wave type structure, designed to operate in
2π/3 mode at 2856 MHz frequency and consist of
a buncher section and a regular accelerating section.
A 6 MW klystron operating at nominal frequency of
2856 MHz is used to power accelerating structure. A
beam collimator installed between the electron gun and

linac structure is used to control the injected electron
current. A fast current transformer mounted at the exit
of linac facilitates online measurement of accelerated
beam current. At the end of the accelerating structure,
the electron beam is scanned inside a vacuum chamber
sealed with a titanium foil window by a dipole magnet
to extract the electron beam into the atmosphere.

III. DESIGN, DEVELOPMENT AND TESTING
OF ELECTRON GUN

Electron linear accelerator up to beam energy of
10 MeV requires electron source of 45-50 keV beam
energy and emission current of 1 A [2]. One of
units determining the accelerator long-term operation
is an electron gun. This electron gun is a conventional
thermionic triode electron gun with anode, cathode
and grid. Thermionic electron gun is primary source
for this accelerator as beam current in the RF ac-
celerator is modest and thermionic emission is most
prevalent option for electron gun development. Spec-
ifications of the electron gun are listed in Table I.
Gun optic calculations, electron beam trajectory having
low perveance in triode onfiguration is designed and
simulations were carried out using the CST’s particle
studio[3] and EGUN code. [4] Simulation results of
both the codes are matching and beam trajectories
are shown in the figure 1, and 2. This simulation of
electron trajectories provides further understanding of
the electron gun characteristics. Since electron gun has
to meet high cathode emission capability, low filament
power, good accessibility for cathode replacement and
should provide short time for maintenance, due at-
tention was given during the design of the geometry
of the electrodes. Also the cathode lifetime depends
on the cathode load value, a flat M-type dispenser
cathode having 8 mm diameter is chosen, which can
provide an emission current of more than 1 A at
50 kV cathode voltage, corresponding to a perveance
of 0.022 × 10−6A/V 3/2. It enables to decrease the
cathode temperature which will increase its lifetime
at low filament power. This gives a low value of the
cathode load (about 2A/cm2).

Based on these criteria and simulation results, the
components of the electron gun were fabricated and
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Table I: . Specifications of electron gun

Sr.No Parameter Value Unit
1 Cathode Voltage 50 kV
2 Emission Current ≥ 1 A
3 Grid Voltage 2 kV
4 Cathode diameter 8 mm
5 Cathode Type M-Type Dispenser

Figure 1: Simulation of electron gun geometry with
E-gun code.

Figure 2: Simulation of electron gun geometry with
CST’s particle tracking code.

Figure 3: Photograph showing the high voltage test
stand

assembled. All the electrodes grid assembly, anode
and six port vacuum chamber were fabricated in-house
and assembled along with a ceramic isolator. Complete
system is supported by two SIP pumps of 70 l/s
capacity to achieve vacuum of 1 × 10−7 mbar. In
the initial design we found that the performance of
electron gun degraded after few hours of operation.
With the operational experience gathered and also
detailed performance evaluation, the vacuum envelope
of the electron gun was redesigned to improve the
vacuum near cathode as well as to have its correct
measurement. The vacuum in the cathode region was
poor due to the limited conductance near the cathode.

IV. ELECTRON GUN TEST STAND

The high voltage test stand has been constructed for
performance evaluation of electron gun. The electron
gun system consists of an electron gun, beam collima-
tor, faraday cup and vacuum system. The gun was fed
from the pulse modulator which provides high voltage
pulse and filament power.[5] Initially the cathode of
the electron gun is activated by slowly varying the
filament current and maintaining vacuum better than
1 × 10−6 mbar. The rate of activation is a function
of electrode cleanliness, cathode poisoning time and
temperature. In this cathode, the maximum power for
filament is about 15W (8V/1.8A). The process of
activation may need days together depending on the
condition of the cathode, exposure time and pumping
speed. Once the filament current is reached to its
maximum value and vacuum is improved better than
1× 10−7mbar, electron gun is ready for experiments.
There is no standard activation schedule but the cath-
ode is generally activated at or slightly above (+50oC)
the operating temperature. Cathode electron emission
is the best indicator of activation and the cathode tem-
perature should never exceed 1200oC. High voltage
pulse is applied to the cathode by slowly varying the
high voltage power supply voltage for conditioning.
All the tests which decide the characteristics of the
electron gun were carried out after high voltage condi-
tioning. Cathode voltage, emission current and beam
current were measured at different filament current.
Beam current and emission current measured at various
filament current at cathode voltage of 50 kV for pulse
duration of 15µs are shown in figure 4a. It clearly
shows the space charge limited region and temperature
limited region of the electron gun. This electron gun
operated just into the space charge limited region
which will eliminate the need for precise temperature
and work function uniformity over the surface and
eases the voltage and current stability requirement for
cathode filament. The optimum filament current for
this cathode is 1.6 A. Beam current and emission
current were measured at various cathode voltages,
shown in figure 4b. The CRO trace of high voltage
test is shown in figure 5. The test result shows that the
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design, fabrication of electron gun system will fulfill
the requirement of electron linac.

V. INTEGRATION WITH LINEAR
ACCELERATOR

The electron gun tested on test stand is deployed to
energize the electron linear accelerator. Three accel-
erators were energized with this electron gun system.
Among them one is imported and other two accelera-
tors are developed indigenously. All the three accelera-
tors were enerrgised by 6 MW peak power microwave
system at nominal frequency of 2856 MHz. Necessary
adjustments on the collimator, steering and focusing
magnets were done to maximize the accelerated beam

current. The imported linear accelerator has been tested
for beam current of 250 mA at 10 MeV and 400 mA at
7.5 MeV. Photograph shown in figure 6 is integration
of ingeniously developed electron gun with imported
linear accelerator. Figure 7 shows the beam current of
340 mA an 9 MeV beam energy along with forward
power pulse and reflected power pulse after integration
of the electron gun along with the linear accelerator
powered by 6 MW microwave system.

Figure 6: Photograph showing integration of electron
gun along with imported linear accelerator. (Inset close
view of electron gun)

Figure 7: Beam current of 340 mA ( red trace) at
9 MeV beam energy (measured with ratio of two traces
pink and green). Blue trace- 6 MW forward power and
yellow- reflected power.

At present similar electron gun has been installed
with two ingeniously developed travelling wave linear
accelerator and both the accelerators operating steadily.
The electron gun integrated with first indigenous elec-
tron lianc is shown in figure 8. Peak beam current of
300 mA is achieved at electron energy of 8.6 MeV
shown in figure 9. The linear accelerator is tested at an
average electron beam power of 5 kW. The accelerator
has also been tested at maximum beam energy of
9.9 MeV at low power. Uninterrupted endurance test
of the accelerator has been successfully carried-out at
8 MeV beam energy and up to 4.5 kW beam power for
90 hours of continuous operation. Figure 10 shows the
plot of data collected for 90 hours continous operation
at 8 MeV beam energy, 300 mA beam current and
4.5 kW beam power.
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Figure 8: Photograph of integration of electron gun
with indigenous linac

Figure 9: Results of integration of electron gun with
indigenous linac

Indigenously developed second linac has also in-
tegrated with this electron gun and peak current of
250 mA has been achieved at 9 MeV beam energy.
At present this machine is operated at beam power
of 1 kW beam power and further operation up to
5 kW beam power is in progress. Figure 11 shows
the photographs and CRO traces of emission current
and beam current.

VI. CONCLUSION

Three electron linear accelerators, one is imported
and two developed ingenuously have been energized
using this electron gun. Beam energy of 8-10 MeV
has been achieved with beam current of 250-400 mA
by integrating this electron gun with the linear accel-
erator. The performance of the electron gun with these
accelerators was found consistent and satisfactory.
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Abstract 
  

 
RRCAT is engaged in design, development and commissioning of particle accelerators for various 
applications. A 7MeV PWT linac has been developed indigenously for Pulse Radiolysis application 
at BARC. The present paper gives details of 10MW S band high power microwave system developed 
at RRCAT and supplied to BARC for  7 MeV Picosecond Electron Accelerator project for pulse 
radiolysis studies at BARC. We have constructed the microwave system around an available 25 MW 
peak power S-band klystron. A 250 kV pulse modulator with   repetition rate of 10 Hz, has been 
developed in-house along with output waveguide transmission lines, solid state driver amplifier and 
LLRF control system. We present the   details of the high power microwave sysetme its parts and 
test results.   
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Abstract 
 
 

Gyrotron is a vacuum based fast wave electron device which is capable to generate megawatt (MW) 
power in the millimeter/sub-millimeter wave band. This device has a unique role in electron cyclotron 
resonance heating and current drive (ECRH & CD)of magnetically confined plasma for thermonuclear fusion 
experiments. Along with the plasma fusion experiments, gyrotrons are also explored at different power and 
frequency levels in various scientific and technological applications such as DNP-NMR spectroscopy, material 
processing, etc. The main objective of the plasma fusion research is the clean energy generation on the 
commercial scale similar to nuclear fission technology to fulfill the global need of clean and sustainable source 
of energy. In this direction several experimental plasma fusion machines, such as, ITER, W-7X, JT-60, JET, 
SST-1, etc, are established worldwide to make the energy generation possible by nuclear fusion. The most 
ambitious and latest effort is the International Thermonuclear Experimental Reactor (ITER), which is an 
international collaborative research program towards the possibility of energy generation with the positive 
yield by thermonuclear plasma fusion. Total 24 MW RF power at 170 GHz frequency is required in ECRH&CD 
in ITER and to fulfill this requirement, MW class 170 GHz gyrotrons are developed by Japanese, Russian and 
European teams. ITER is an experimental reactor and would not be used for the energy generation 
commercially.  Based on the experimental results obtained from various plasma fusion machines including 
ITER, one step ahead in future, larger plasma fusion reactors will be build for energy generation on 
commercial level. The design work in this direction has already been initiated by the European plasma fusion 
research community (named DEMO reactor) [4]. To enhance the net energy yield from the futuristic plasma 
fusion machine, the plasma confinement time and particle density must be higher than the existing plasma 
fusion machines including ITER (The Lawson criteria). To create and sustain highly dense plasma, very high 
magnetic field (than any other existing plasma fusion machine) would be applied. In such futuristic fusion 
reactors, very high power RF sources in millimeter/sub-THz wave bands would be required for plasma heating 
through ECRH and at present only the gyrotron oscillators can fulfill this requirement. In Ref [14], it is 
mentioned that the RF source like gyrotron with 1 MW or more RF power and frequency >230 GHz would be 
used in futuristic plasma fusion machines. This motivated the gyrotron community to design and develop the 
gyrotrons with frequency >230 GHz with at least 1 MW RF power.  

 
Considering the need of sub-THz frequency (>230 GHz), multi-megawatt gyrotron in futuristic energy 

generation reactors, a conceptual design for 240 GHz gyrotron with the aim of at least 1 MW RF power is 
performed. Simple cylindrical cavity is preferred in place of coaxial cavity considering the manufacturing and 
alignment issues for coaxial insert. Due to the MW power at sub-THz frequency, very high order TE mode is 
selected to minimize the Ohmic wall loading and voltage depression. Such high order TE mode must be 
supported by very high quality gyrating electron beam so that spurious modes are suppressed successfully in 
favor of operating mode. A triode type of electron gun is designed for the generation of gyrating electron 
beam.      
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      Abstract— Folded waveguide slow wave structure has an 
advantage over other SWSs due to its moderate bandwidth, 

higher power handling capabilities in higher frequencies, s i mpl e 

coupling and robust structure and also it is easy to fabricate as it 
is a all-metal structure. To enhance the bandwidth, double ridge -

loaded folded waveguide structures are used. On the broad-walls 

of the rectangular waveguide the ridge loading has been done to 

enhance the bandwidth of the device. Due to its wide bandwidth, 

it is preferred for electronic warfare applications at mm wave 
frequencies. The design of a ridge loaded serpentine carried out 

at a center frequency of 94 GHz and 19 kV beam voltage.  

Couplers are passive impedance matching networks which are 

designed to transfer power from RF source to a beam-loaded 

cavity efficiently. Voltage standing wave ratio (VSWR) is a 
measure of how well the components of the RF network are 

matched in impedance. When the impedances are improperly 

matched signal power may be lost, which results in weak 

transmissions, poor reception. A perfect impedance match causes  

no voltage standing wave, so the ratio of the maximum voltage  to 
the minimum would be 1 (1:1).  

Couplers consist of: (a) hybrid or transition section, (b) 

inhomogeneous step impedance transformer. The RF wave is 

injected in the interaction structure or the slow wave structure 

through input coupler and exerted through output coupler. A 
proper input and output couplers are important to improve the 

characteristics of total travelling wave tube. Here step impedance  

inhomogeneous quarter wave transformer is used to design the 

couplers in CST with Three steps. 

 

Keywords— Couplers, Ridge-loaded folded waveguide, Step 

impedance transformer, Inhomogeneous, S-parameter, VSWR. 
 

I. INTRODUCTION 

Folded waveguide travelling wave tubes (FWG TWT) has 

many advantages over other slow wave structures, like FWG-

SWS is a new type of all-metal SWS, It has broad bandwidth 

and higher power handling capability in higher frequencies, 

simple coupling and robust structure and also it is easy to 

fabricate. FWG-SWSs are suitable for millimeter range 

travelling wave tubes and also for THz radiation source.  

Couplers are essential to inject and extract the RF wave in 

the slow wave structure of a TWT. Coupler can be two types: 

tapered and step impedance transformer. Here inhomogeneous 

type step impedance transformer has been discussed having 

three steps. In the case of inhomogeneous type of quarter wave 

transformer, the ratios of internal wavelengths and 

characteristic impedances mar vary at different positions along 

the propagation direction with frequency. 

 

II. DESIGN OF DOUBLE RIDGE-LOADED FWG-SWS 

At first a double ridge-loaded FWG structure has been 

designed in CST Microwave Studio with the dimensions given 

in table I. 

 
Table I. Parameter dimensions of double ridge-loaded FWG-SWS 

 

Parameter name Main SWS 
dimensions 

Broad wall (a) 1.65 mm 

Narrow wall (b) 0.3 mm 

Straight height (h) 0.8 mm 

Pitch (p) 0.65 mm 

Ridge width (a0) 0.80 mm 

Ridge thickness (b0) 0.3 mm 

Tunnel radius (rc) 0.20 mm 

 

 

 
Fig 1:  3D view of a ridge-loaded FWG-SWS in CST Microwave Studio 
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Fig 2: Dispersion and Interaction Impedance curve of double  r idge0 lo aded 
FWG-SWS 

 

III. DESIGN OF COUPLERS 

The present work is done in 94 GHz operating frequency. 

Now first a standard waveguide is chosen in this frequency 

range. So here WR10 is the matching waveguide. The broad 

wall and narrow wall dimensions of WR10 are 2.54 mm and 

1.27 mm respectively. The coupler design needed two sections 

to design in CST Microwave studio. They are: (a) hybrid or 

transition section, (b) inhomogeneous step impedance 

transformer. 

For the flat portion, the width equals to the broad wall of 

the matching WR10 waveguide (2.54 mm) and narrow wall 

dimension equals to the narrow wall dimension of the main 

ridge-loaded FWG-SWS (0.3 mm). The height of the flat 

portion has to be adjusted for getting good s -parameter value 

and bandwidth. 

The fractional bandwidth of the quarter wave transformer 

can be written as, 

 

                      𝜔𝑞 = 2 (
𝜆𝑔1 − 𝜆𝑔2

𝜆𝑔1 + 𝜆𝑔2

)                           (1) 

 

Where, 𝜆𝑔1 is the longest guide wavelength = 1 𝑓𝑔1
⁄  (𝑓𝑔1 is 

92 GHz) and 𝜆𝑔2 is the shortest guide wavelength = 1 𝑓𝑔2
⁄  

(𝑓𝑔2  is 96 GHz). 

And the guided wavelength is given by, 

 

                   𝜆𝑔 =
𝜆 0

√1 − (
𝜆 0

𝜆 𝑐
)

2

                                   (2) 

𝜆 0 is the free space wavelength, 𝜆 𝑐 is the cut-off 

wavelength. 

The length of each step is, 

 

                        𝐿 =
𝜆𝑔1𝜆𝑔2

2(𝜆𝑔1 + 𝜆𝑔2)
=

𝜆𝑔0

4
                        (3) 

 

𝜆𝑔0 = 3.12 mm by calculation. The step length ‘L’ equal 

for all steps. 

A transition section is designed between the flat waveguide 

portion and the main slow wave structure. This is also known 

as Hybrid structure. The main SWS dimension and the hybrid 

dimensions are given in the table 1 below. 

 
Table I. Parameter dimensions of main ridge-loaded FWG-SWS and the 

hybrid structure 

 

Parameter name Main SWS 
dimensions 

Hybrid 
dimensions 

Broad wall (a) 1.65 mm 1.64 mm 

Narrow wall (b) 0.3 mm 0.3 mm 

Straight height (h) 0.8 mm 0.9 mm 

Pitch (p) 0.65 mm 0.60 mm 

Ridge width (a0) 0.80 mm 0.94 mm 

Ridge thickness (b0) 0.3 mm 0.2 mm 

Tunnel radius (rc) 0.20 mm 0.20 mm 

 

 
 

Fig 3: 3D view of simulated input-output coupler waveguide inhomogeneo us 
step transformer with ridge-loaded FWG-SWS 
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IV. RESULTS AND DISCUSSIONS 

In CST Microwave Studio the 3D structure of double-ridge 

FWG structure has been designed and then using transient 

solver the s-parameter and the VSWR diagram can be 

obtained. The dimensions of hybrid or transition section and 

the stepped impedance transformers are varied such that a 

VSWR of 1.1 is achieved throughout a bandwidth of 5%. 
 

 

 
 

Fig 4: VSWR diagram of double ridge-loaded FWG-SWS 

 

 

V. CONCLUSION 

A quarter wave step impedance inhomogeneous transformer 

for ridge-loaded FWG-SWS is presented in this paper. The 

design has been carried out in CST Microwave Studio, and the 

transient solver is applied for getting s -parameter and the 

VSWR diagram. For getting good s -parameter and VSWR at 

center frequency, the dimensions of main structure have been 

changed by some little amount. 
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Abstract— Coupled Cavity S low wave structure is the most 
preferred structure for Travelling-Wave Tubes used in high 

power, moderate bandwidth, and high resolution mm- wave 

radars and also for mm wave space application. The coupled 

cavity structure is preferred due to its capability to operate with 

high voltage electron beams, giving peak powers of the  order of 
tens of Kilowatts with good heat dissipation. However, in 

millimeter wave frequencies, fabrication, assembly and brazing 

of conventional coupled cavity structure becomes very difficult. A 

square coupled cavity structure can be micro fabricated in just 

two halves leading to small volume, low cost and good 
performance. In this paper, a square coupled cavity design has 

been carried out using equivalent circuit approach and then the 

design has been compared to that of 3 D simulation obtained 

using 3-D CST Microwave Studio.  The design and Simulation 

has been carried out at W-band with an operating frequency of 
94 GHz and a beam voltage of 16.8 kV.  The performance of 

square coupled cavity structure is also been compared with that 

of a conventional circular coupled cavity slow wave structure for 

dimension, dispersion and impedance characteristics. It has be e n 
found that, keeping all the other dimensions same, the area of the  

square coupled cavity is around 13% more compared to circular 

coupled cavity structure and this is advantageous at mm wave 

frequencies where the dimensions become extremely small giving 

rise to fabrication difficulties. Also the bandwidth is enhanced by 
almost 2.2% compared to that of circular Coupled Cavity 

Structure. 
 

Keyword: Square CCTWT, Ladder coupled cavity, Millimetre-

wave, dispersion, interaction impedance 

I.  INTRODUCTION  

Traveling-wave tubes (TWTs) in millimetric band, 

especially W-band are very useful for millimeter radar, High 

power microwave and aerospace application. High power 

millimeter-wave coupled cavity travelling-wave tubes with a 

moderate cold bandwidth are used extensively in high-data-

rate communication, active imaging, space applications and 

high resolution radar application. The Hughes -type 

conventional coupled cavity is more preferable in low 

frequency range but in high frequency range as W band (75-

110 GHz), the conventional circular coupled cavity design is 

very expensive and difficult to fabrication because of 

extremely small dimensions. To solve such kind of problem 

James and Kolda [4] proposed a ladder- type coupled cavity 

structure which increase longitudinal dimension compare to 

the conventional coupled cavity which is much useful in 

millimeter frequency range. 

CST MWS simulation and modeling is very useful to 

calculate the cold-test performance of the coupled cavity slow 

wave structure.  

II. EQUIVALENT CIRCUIT ANALYSIS 

 

  

 

Fig 1: Three dimensional view of two period (i) Square CCTWT (ii) 
Conventional CCTWT 
  

The development of an equivalent circuit for a given cavity 

structure is based on an examination of the current paths on 

the cavity walls and which is depend on the inductance and 

capacitance of the cavity and slots. The dispersion 

characteristics is a relation between the phase shift per cavity 

() and frequency (f).  

})(1}{)(1{
1

1cos 22

sdkncu

kn

ffaff
ak





       (1)

 
Where, fcu and fsd is cut-off frequency of the cavity mode and 

slot mode respectively. The fraction of the circulating RF 

current in the cavity which is passing through the slots, called 

the slot-coupling coefficient 𝑘, is expressed in terms of the slot 

dimensions  

                   𝑘 =  
𝐴𝑟𝑒𝑎  𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑜𝑡

𝐴𝑟𝑒𝑎 𝑜𝑓 𝑡ℎ𝑒  𝑡𝑜𝑡𝑎𝑙 𝑠𝑞𝑢𝑎𝑟𝑒  𝑐𝑎𝑣𝑖𝑡𝑦
                       (2) 

 

Bandwidth parameter 

                                    

s

c

s

c
k

Y

Y

f

f
ka 2                                 (3) 

Where, )/( cncc LCY  is the cavity admittance and 

)/( sss LCY  is the slot admittance.
 

The total impedance is 

given as, 

(i) (ii) 
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The interaction impedance, 
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                       (5) 

 

Fig 1 shows the vacuum parameter of two period model of 

square and conventional CCTWT and their parameters are 

given in the table 1, where it can be seen that the diagonal 

dimension of the square CCTWT is much greater than the 

diameter of the Conventional CCTWT, so it is advantageous 

for mm-wave fabrication. The longitudinal and transversal 

view of square CCTWT are given in fig 2. 

 

 

 

 
Fig 2: (i) Cut-away view in the direction of beam tunnel of Square CCT WT  
(ii) Cross-sectional view of Square CCTWT 

 
Table1: Design parameter of square CCTWT and conventional CCTWT 

 

 
 

Parameter Name Parameter 
values 

(mm) 

Cavity wall (wxw) 1.6×1.6 

Cavity width (s) 0.16 

Coupling slot length 
(c) 

0.98 

Coupling slot width 
(d) 

0.2 

Ferrules radius 
(r1/p) 

0.24 

Ferrules thickness 

(t/p) 

0.117  

Tunnel radius (r0/p) 0.175  

 

Parameter Name Parameter 
values(mm) 

Cylinder 

diameter(d) 

1.7 

Cavity width (c) 0.2 

Slot position 

(a) 

0.5  

Coupling slot 

width(w) 

0.2 

Coupling slot 

length (b) 

0.85 

Ferrule radius (rf/p) 0.24 

Ferrules height (t/p) 0.117 

Tunnel radius (r0/p) 0.175 

 

III. COUPLER DESIGN 

The design of a good coupler that can give very low VSWR 

is very important because this is the way to inject RF wave 

and extract the amplified RF wave form the Slow Wave 

Structure. The coupler of the square CCTWT structure (Fig.3) 

consists of three main sections-(i) Transition waveguide, (ii) 

quarter wave transformer, and (iii) Hybrid structure. The 

standard wave-guide impedance is matched to the low 

impedance of the cavity structure by a quarter wave 

transformer. The preliminary design requirements are the 

dimension of standard waveguide and the narrow height 

waveguide and the operating frequency band [2]. The coupler 

design is carried out at W-band with a center frequency of 94 

GHz. The standard waveguide is chosen as WR-10 

(2.54mm×1.27mm). Transition waveguide section is designed 

by keeping the broad dimension equal to the broad-wall 

dimension of the standard waveguide, and the narrow wall 

dimension is chosen as per good matching which is almost 

same with the cavity thickness. The height of the transition 

waveguide is determined such that the desired bandwidth is 

obtained. A four stepped quarter wave transformer has been 

designed.  

 

 

 
 
Fig 3: Coupler Design for Square CCTWT 
  

IV. RESULT AND DISCUSSION 

The ladder type square coupled cavity is become a very 

efficient amplifier with higher bandwidth and as well as 

moderate interaction impedance. It has been found that, 

keeping the entire dimension same the area of the square 

coupled cavity is 13% greater which reduced the fabrication 

difficulties in mm-wave.  

Fig 4 gives the dispersion characteristic of square CCTWT 

and conventional one which shows that it give 2.2% greater 

cold bandwidth and fig 5 gives the comparison of interaction 

impedance which shows conventional CCTWT give more 

power  

Fig 6 gives the dispersion and interaction impedance 

characteristic of square ladder type CCTWT where we can 

see that the equivalent circuit analysis and simulation result 

is almost similar. 

Fig 7 gives the VSWR characteristics which is derived 

from the simulation result of input and output coupler design 

of square coupled cavity structure. 

 

(i) 
(ii) 
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Fig 4: Comparative dispersion characteristic of square CCTWT  and 
conventional CCTWT 

  

Fig 5: Comparative interaction impedance characteristics of square 
CCTWT and conventional CCTWT 
 

 
Fig 6: Dispersion and interaction impedance characteristic of square 
CCTWT  

 
 

 
Fig 7: VSWR characteristic of square CCTWT  
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Abstract 

The Design and the Optimization of the thermal 
performance of Dispenser Cathodes using FEM Thermal 
analysis ANSYS software and its validation with the 
experimental results are presented in this paper. The 
thermal analysis of cathode structure has been carried out 
to find out the effect of heater performance and to optimize 
the heater power. The thermal drain from the cathode due 
to sleeve structure has been studied for different sleeve 
materials and slot width has been analyzed. The effect of 
heat shield also studied. The cathode temperature vs heater 
power were experimentally verified and it matches closely 
with the ANSYS output.   
Keywords: Thermal Analysis, cathodes, ANSYS, Heater 
power  
Introduction 

Thermionic dispenser cathode plays an important 
role in microwave tubes as a source of electron beam. 
Conventional M-type cathodes were used which are 
capable of delivering zero field emission density of 
15A/cm2 at 1323K. The cathodes are indirectly heated with 
potted heater structure to get the electron emission. In 
addition to radiation loss there will be conduction loss 
through cathode support structure. Hence Thermal design 
of a cathode with its support structure is important to 
optimize the heater power.   In this paper, we carried out 
the optimization of the thermal performance of a given 
dispenser cathode, by FEM thermal analysis ANSYS and 
the results were validated with experimental values.  
Problem formulation in ANSYS 

Generally Heat transfer takes place by three 
different modes, i.e. conduction, convection and radiation 
[1]. In dispenser cathodes heat loss mechanisms are based 
on principles of conduction and radiation. The major heat 
loss is due to Radiation which is governed by the Stephen 
Boltzmann law,  

Q= є σ A (Th
4-Tc

4)                                (1)    
Where  Q is the heat flux, є is emissivity of the material, σ 
=5.67x10-8 W m-2 K-4 is the Boltzmann constant, A is the 
area and T is the absolute temperature.  
 The heat transfer due to conduction within the 
material is given by, 

dx

dT
kAQ −=  

 
   (2)    

dx
dT

, is the temperature Gradient, K is thermal conductivity 
and A is the area.  

Thermal analysis of the dispenser cathode has 
been carried out using code ANSYS 16. The cathode 
consists of many components such as emitting surface 
made of Tungsten (W) impregnated with Barium calcium 
aluminates, Heater sleeves made of Molybdenum (Mo), 
Cathode support sleeves and Heat Shields made of Mo-
Rhenium (Re)[2]. All components are brazed to form the 
cathode as shown in schematic fig. 1.  The heater coil made 
of W-3%Re is potted with Alumina (Al2O3). One end of the 
outer Sleeve is brazed to the emissive surface and other end 
to the Kovar ring. With the present cathode structure, 
thermal performance will be optimized by selecting 
suitable materials, thickness and slot width. 

 
Fig.1 Schematic diagram of Dispenser Cathode 

In simulation, to reduce the computational time 
1/6th portion has been used for modelling being a 
cylindrical structure [3]. The dispenser cathode has been 
modelled on ANSYS 16 with actual dimension. After 
creating FEM model, the necessary boundary conditions, 
i.e., the heater power, ambient temperature (300K) and 
radiation link 31 are applied. The analysis results are 
reviewed through the post processing and temperature has 
been found at button region for various conditions. 
Simulation and Experimental Work 
 To study effect of sleeve material, simulations has 
been run for Mo and Mo-Re sheet materials of 50µm 
thickness.  The result is plotted in graph 1. From the graph 
the temperature of 1253K was achieved at 105W. 
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Graph 1 Variation of Cathode Button temperature with Heater Power 
for Mo and Mo-Re sheets 
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 In large size cathodes, potting region also contributes 
to the radiation loss. This loss can be reduced by using 
heat shields. The model was simulated without and 
with Mo-Re heat shields of thickness 100 µm at 105W.  
Three sheet layers were used with 0.5mm gap. Graph 2 
shows the ANSYS result.   
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Graph 2 Effect of Heat shield on cathode Temperature 
 The conduction loss can be minimized by 
introducing the slots perpendicular to the sleeve length, 
in turn increases the conduction path. The slot of width 
2mm and 5 mm length was introduced in the support 
sleeve and the simulation was made with 105W of 
heater power.  To study the effect of slot width, two 
more runs were carried out with 2.5 and 1.5 mm width 
as shown in fig 2. The graph 3 shows the effect of 
change in slot width.  

 
Fig 2. Schematic Diagram of cathode support sleeve 
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Graph 3 Effect of slot width on Cathode temperature  
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Graph 4 Heater Power Vs Cathode Temperature 
The simulation results were incorporated during 

the development of cathode. The developed cathode was 
mounted in an ultra-high vacuum system. A Quartz view 
port was used to measure the cathode surface temperature. 
The cathode was slowly heated by supplying voltage to the 
filament at regular interval of time and temperature is 

measured using a disappearing filament pyrometer at 0.65 
µm wave length [4]. Also the simulation was carried out for 
the same cathode structure. The variation of temperature as 
a function of heater power is shown in graph.4 for both 
simulation and experimental work.    
Results and Discussion 
 From the graph 1, we can see that cathode with 
molybdenum sleeve was running at 60 K cooler than the 
cathode with Mo-Re sleeve at a heater power of 105 Watts.  
Also Mo-Re sheet has better malleability. Hence Mo-Re 
sheet was the best choice for support sleeve and used for 
further analysis. The presence of heat shields has increased 
the surface temperature by 70 K as the Radiation loss is 
minimized as shown in Graph 2. Graph 3 shows that slot 
width of 2.5 mm will results in higher cathode temperature, 
but selected 2.0 mm to increase the mechanical strength. 
The thermal performance of the cathode has been designed 
and closely matching with the experimental values. The 
experimental and the simulated results are closely matching 
as shown in graph 4.   
Conclusions 
 Thus, the simulation work helps to optimize the 
cathode structure to get the required temperature at the 
emitting surface effectively. 
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Abstract—Thermionic dispenser cathode which is 

capable of delivering high emission current density as 
needed for the high power, high frequency devices has been 
successfully developed at MTRDC. The cathode after 
activation was operated at 1090oC for 100 hours to study 
the emission performance and surface composition. 
Cathode current was measured early stage and after 100 
hrs. of operation at the same temperature. Surface 
composition was studied using Energy Dispersive 
Spectroscopy (EDS) before activation and after 100 hours 
of cathode operation. Observations were discussed in the 
paper.  
 
Keywords:  Thermionic dispenser cathode, high emission density, 
triple alloy coating, EDS 

Introduction 
High frequency high power devices (in that 

frequency regime) demands high emission density electron 
source with considerable long life. Surface chemistry is 
very important for achieving the high emission density 
whereas the life depends mainly on the cathode 
temperature. A conventional M type cathodes operating 
temperature is 1050oC with zero field current density of 
15A/cm2 and accepted life is 1 lakh hours [1]. To draw 
more emission the cathode has to be operated at high 
temperature. But inter diffusion rate of base metal tungsten 
(W) and work function reducing film layer like Osmium 
(Os), Iridium (Ir) and Rhenium (Re) will increase with 
temperature [2].  This problem was avoided with mixed 
metal matrix cathodes which are capable of delivering high 
emission [3]. But they have some limitations to be used in 
high emission density devices. Raju et al has reported that 
by using a triple alloy of the composition W-2Re-2Os, one 
can get current density more than 60 A/cm2 at 1050oC [4, 
5]. In this work the cathodes emitting surface was coated 
with alloy film of same composition. The cathode was 
operated at 1090oC to draw higher emission current and to 
study the high temperature effect, kept ON for 100 hrs. at 
the same temperature. Later the cathode surface 
morphology and composition was analyzed using SEM and 
EDS. 

 
Experimental work: 

A flat porous tungsten pellet has been used to 
develop cathode for this study purpose. Figure 1 shows the 
SEM picture of de coppered pellet. The pellet was 
impregnated with Barium calcium aluminates in 4:1:1 
molar ratio with addition of 3% Lithium oxide. The top 

surface of the pellet was subjected to triple alloy coating. 
The film was fired at 1250oC for 10 minutes in hydrogen 
atmosphere. Figure 3 shows the Energy dispersive spectra 
(EDS) of alloy coated surface. Later the cathode was 
activated in vacuum chamber and emission measurement 
was carried out by applying pulsed voltage (0- 3.2kV) 
between closely spaced anode and cathode as shown in fig 
3. The cathode was kept on at 1090oC for 100 hours and the 
emission current was measured. Graph 1 shows the LogV-
LogJ plot of emission measurements carried out at two 
different periods of cathode operation at 1090oC.  

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 1. SEM picture of de coppered pellet. 
 

 
 

Fig 3. EDS of as coated cathode surface. 
 

 
Fig 4. Cathode in test set up 

VEDA-2016

185



 

 
Graph 1.  logV- logJ plot for initial and after 100 hrs at 

cathode temperature of 1090oC 
 

To find out the zero field current density Jo, we 
used 73% slope method [6] in the space charge limited 
region of  J(2/3) Vs anode voltage plot. The work function Ф 
in eV was calculated using Richardson-Dushmann’s 
equation as  

   
Where k is Boltzmann’s constant, e is charge of an electron 
and T is the cathode surface temperature in kelvin.   

The cathode surface was again observed in SEM 
and elemental composition was analyzed with EDS. The 
spectrum is shown in fig 5. The weight % of alloys along 
with base material and impregnation mixture has been 
tabulated before and after 100 hrs of firing in Table 1. 

 

 
Fig 5. EDS of 100hrs fired cathode surface. 

 

 
Table 1. Surface composition data collected from EDS before 

and after 100 hrs. of cathode firing. 

Results and discussion 
 In the initial phase of heating, excess barium 

present on the cathode surface will evaporate quickly. Also 
the film layer will be continuous and hence effective 
emitting sites will be less. In the initial phase of operation 
at 1090oC the measured zero field current density was 

38A/cm2 and the work function was 1.819eV. During 
prolonged cathode heating (100 hrs.) at higher temperature 
the film undergoes cracking to form nano sized pores and 
gives way for barium migration to the surface resulting in 
more uniform coverage. It is evident from the LogV- LogJ 
plot as the space charge limited region has extended and 
also the saturation current. The measured zero field current 
density was 58A/cm2 and the work function was 1.782eV. 
Addition of 3% lithium has further helped to get higher 
emission density.  Table1 shows the changes in the surface 
elements composition of W, Os and Re after long hrs. of 
firing at 1090oC.   

Conclusions 
High emission density cathode which is very 

much required for high frequency high power devices has 
been successfully developed at MTRDC. Cathode emission 
was stable even after operating at high temperature for long 
hours. 
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Abstract 

 
High power broadband travelling-wave tubes (TWTs) are the popular choice as amplifiers for 
electronic warfare applications.  The waveguide couplers are used in a high power TWT for 
extracting the amplified RF output from the device with minimum reflection [1]. A broadband 
waveguide coupler requires its configuration using a double-ridged waveguide.  
 

A double-ridged waveguide coupler was designed and developed for a C-X-Ku-band 300W 
helix-TWT having bandwidth of around 1.58 octaves.  The coupler consists of three basic units: an 
impedance transformer to match the helix impedance, an RF window to interconnect from vacuum to 
external circuit, and coaxial to double-ridged waveguide transition to couple to standard WRD-650 
waveguide. The design was carried out using impedance matching technique to achieve minimum 
reflection employing quarter wave transformer.  The impedance in each section of the structure was 
first determined using transmission line approach [2], [3].  The complete assembly was subsequently 
modeled in CST microwave studio and optimized through time domain analysis [4].  Various critical 
parameters were varied to observe and optimize their effects on the VSWR and insertion loss of the 
coupler.  The effects of the sever-termination at the helical slow-wave structure were also included in 
the simulation [3]. The power handling capability of the coupler also was analyzed.  

 
Based on the design, the coupler was made and tested with a practical TWT for the 

VSWR(<1.85). Simulated results agree well with the practical results. The deviations between the 
analysis and experiment are attributed to fabrication tolerances.   
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Abstract— particle-in-cell simulation is carried out to study 

for the beam-wave interaction in a Coupled cavity 

travelling-wave tube, using the 3D finite integration based 

particle in-cell (PIC) code CST. The model includes a 

severed two-section slow-wave structure along with 

input/output couplers for coupling in/out of RF excitation, 

and electron beam contained by PPM focusing. All 

components of the model were simulated in three 

dimensions in order to include the effects of the fully 3-D 

fields on RF circuit-beam interaction. 

 
Index Terms— Coupled-cavity, Simulation, CST, traveling-wave 

tubes. 

I. INTRODUCTION 

DESIGN & realization of A TRAVELLING-WAVE TUBE 

(TWT) predominately depend upon computational modeling 

& simulation, advanced modeling and simulation of beam-

wave interaction using particle-in-cell (PIC) approach has 

been one amongst them. The present endeavor brings out the 

indigenous efforts towards the PIC analysis of beam-wave 

interaction in CCTWTs. We carried out the analysis using the 

Eigen-mode and particle-in cell modules of 3D 

electromagnetic simulation code CST (Computer simulation 

technology) CST is the user configurable computer code that 

solves for Maxwell’s equations in integral form with a Lorentz 

particle equation to obtain a self-consistent solution in time 

and 3-D simulation space. 

The analysis has been carried out in following steps: first the 

modeling of the slow-wave structure was done in rectangular 

coordinate system and Eigen-mode solution was carried out to 

obtain the dispersion and interaction impedance characteristics 

for the large-signal analysis of the beam-wave interaction. 

Next, the model was added with input and output couplers and 

a single-section PIC simulation was carried out for the beam-

wave interaction.                      
 
                         THE 3D SIMULATION MODEL 
 

3D cut view of a two period Coupled cavity SWS structure 

is shown in Fig.1. The cavity is square in shape has two 

rectangular coupling slot and a circular ferrule. The cold 

circuit analysis of the single is carried out using commercially 

available 3D electromagnetic simulation code. Fig 2 depicts a 

CST 3D model of two section mm-wave CCTWT with Ip/OP 

Coupler to achieving a higher gain and suppressing the 

oscillation such that backward wave, reflected wave at input 

and output port ,band edge oscillation extrinsic attenuation and  

matched sever are used. First section provides a means to  

 

 

 

Modulate the electron beam .the modulated beam induces a 

RF Wave and the beam interact in the second section to 

produce additional gain.  

 

 
 

    Fig 2.  3D cut view of a two period Coupled cavity SWS 

         

 The double-slot staggered coupled cavity is a fundamental 

backward wave circuit with the electron beam interacting with 

the first forward-wave space harmonic at an RF phase shift per 

cavity between π and 2π. The dispersion curve is obtained by 

the relation between the phase shift and the resonant 

frequency, as shown in Fig.4. The cold bandwidth is 

approximately 10 GHz. The largest bandwidth circuit of the 

ladder core options is the double-slot staggered ladder. 

   

Particle-in-cell simulation of High Power mm 

wave Pulsed CCTWT  
Sanjay Kumar Gupta, Bharat Kumar, Dr.Sumthy M, H.S.Sudhamani, Dr. M.Santra, Dr.SUM Reddy 

Microwave Tube Research & Development Centre, DRDO, Bangalore 560013, India Tel: +91-080-28388151 
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(a)                            
 

                            Fig. 1. Eigen mode analysis  
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As a measure of the interaction strength between the electron 

beam and the RF wave, the interaction impedance calculated 

for the first spatial harmonic is given in Fig. 4 

 
                                                   (a) 

 

 
                                                     (b) 
 

                        Fig.3 (a) Particle trajectory plot (b) Field plot  

 

 

 

SWS assuming 50% beam diameter with a 1D description of 

constant magnetic field 0.24T used for beam focusing.  

 

Table-1 

Design parameters 
Parameters Value  

Number of sections 2 

Cavities for each sections 1st sec. 36  2nd 

Sec. 46 

Beam voltage (kV) 20  

Beam current (mA) 0.65 

Total length (mm) 140 

 

II. RESULTS AND DISCUSSION 

Dispersion characteristic & interaction impedance plot shown 

in fig .4. 

 

 

 

 

 

 

 

 
 

Fig.4 dispersion and interaction impedance characteristics. the 

interaction impedance . 

                                   

                                         (a) 

 
                                            (b) 

 
                                               (c) 

 

Fig.5 (a) Power plot at o/p port (b) FFT of output(c) Phase 

space plot  

 

Fig. 5(a) shows the time average Pointing vectors integrated at 

the O/P waveguide ports of CCTWT. The saturated output 

power of CCTWT is about more than 1.0 kW when the input 

power is 620 mW. Fig. 5(b) shows the FFT of output power. 

Fig. 5(c) shows phase-space plots at saturation for Ka-band 

CCTWT. It shows an axial velocity and a bunching of the 
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 3 

electron beam in the y-z plane. The energy extraction near the 

output port. 

                    ACKNOWLEDGEMENT 

Authors are thankful to DRDO for sponsoring this work. 

Authors are thankful to Director, MTRDC for permitting to 

publish this work. 

                                      REFERENCES 
1) R. J. Barker, J. H. Booske, N. C. Luhmann, Jr., G.S. Nusinovich, Modern 

Microwave and Millimeter Wave Power Electronics (Wiley-IEEE Press, NJ,) 

 
2)Jeffrey D. Wilson, and Carol L. Kory “Simulation of Cold-Test Parameters 

and FW Output Power for a Coupled-Cavity Traveling-Wave Tube” IEEE 

TRANSACTIONS ON ELECTRON DEVICES, VOL. 42, NO. 11, NOV 1995. 

 

3) Sanjay Kumar Gupta, Debashree Ray,Bharat Kumar.B, C.N.Murthy, 

H.S.Sudhamani, M.Santra ,SUM Reddy“ Design and Simulation of 

Interaction Structure & Coupler for Ka-Band CCTWT ,” 11th International 

Conference on Microwaves, Antenna & Remote Sensing (ICMARS-2009), 

Jodhpur, INDIA,pp.154-156,Dec.15-17,2015  

 

 

 

 

 

 

 

VEDA-2016

190



Optimization of an indigenously developed tetrode 
based electron beam gun power supply for high 

stable electron beam evaporation 
 

 
 

DILEEP KUMAR V, DEVANDRA BHALE,  
JAYA MUKHERJEE 

Isotopic Clean-Up Physics and Engineering Section  
Laser & Plasma Technology Division, 

Bhabha Atomic Research Centre, 
 Mumbai-400085 

dileepv@barc.gov.in 

 
 
 
 
 
 
 
 

Abstract: Evaporation using electron beam gun is of significance 
to many fields in research and the industry, requiring clean 
environment. To have a complete control on the beam 
generation, its quality and actual time of vapour availability is of 
prime significance in research as well as in industrial 
applications. In the presented work we would like to put forward 
the efforts made by us in achieving the preferred beam 
parameters by studying the characteristics of the power supply 
and incorporating numerous modifications in controlling the 
beam parameters. The control of ripple content in the 
accelerating voltage is crucial for achieving desired vapour 
quality of evaporant. Also the recovery time of the beam current 
after an event of arc is vital where vapour availability time scales 
are of importance for processes. These two problems were 
addressed and the power supply circuits have been modified, to 
realise the required performance of the electron beam system. 
The activities involved detailed simulation of the complete circuit 
of the power supply system, and experiments for studying the 
beam parameters to confirm its performance.  

The effects of the modifications on the beam parameters 
have been experimentally verified. The power supply is in use 
continuously for experiments without any interruption. 

Keywords—Electron beam gun, ripple content, acceleration 
voltage, beam current, power supply, beam parameters 

I.  INTRODUCTION 
In physical vapour deposition, electron beam gun is 

preferred as a vapour generator source. The target material is 
melted and evaporated from a water cooled crucible. The 
control over the evaporated flux and the recovery time after an 
event of arc is of crucial significance for the process. The 
control over the evaporated flux is achieved by controlling the 
beam parameters, such as oscillation in the acceleration 
voltage and the stability of the beam positioning circuits. The 
recovery of the beam current after an event of arc, for ensuring 
steady vapour availability is achieved by the controlling the 
arc sensing circuit response. 

II. EXPERIEMNT AND OBSERVATIONS 
The electron beam power supply used for the study 

was a 10kW tetrode controlled, developed in collaboration 
with M/s Hind High Vacuum Company, Bangalore (Fig. 1). 
The power supply delivers the stable DC acceleration voltage 
and the filament heating current to the electron beam gun 
source housed in a vacuum chamber. The electron beam gun 
and its beam trajectory are shown in Fig.2.  A stable electron 
beam power density (3-4 kW/cm2) at the target is preferred for 
ensuring a steady and consistent evaporation. The beam power 
density will be decided by the beam spot size, which in turn 
decided by the geometry of the gun design, oscillations in the 
acceleration voltage, oscillation in the beam positioning 
electromagnet coil current. This is clear from the relation 
given below for the radius of the beam trajectory. The electron 
beam spot size was determined using an in-house developed 
technique of double disc puncture method [1]. Typical beam 
spot puncture in shown in Fig.3.  

In a homogenous magnetic field normal to the beam 
direction, the electron trajectory is a part of a circle having a 
radius [2] r given below 

𝑟 = �
√2𝑚𝑒

√𝑒
�     

  �(𝑉𝑎𝑐𝑐)
𝐵

 

 
Where r is in meters, V in volts and magnetic field, B in 
V.s.m2 

The magnetic field profile map of the crucible is kept 
as a reference for ensuring the steadiness of the magnetic field.  
It is also evident from the loop diagram of the control circuit, 
that an oscillation setup at the control side can introduce 
oscillation in the acceleration voltage.  

In the trigger signal output for the tetrode, any EMI 
pick-up from the circuit components or an incorrect response 
of the PI loop may result in the instability of trigger output. 
For this, the complete circuitry was modelled and the effects 



of possible faults were studied. The studies indicated that a 
noise pickup from the ground plane or a mistimed PI loop can 
cause oscillation in the trigger output signal. The details of the 
modelling will be presented separately.  

Experimentally it was found that, a noise of ~1.2kVpp 
added to the output DC voltage of 10kV, resulting in the 
diffusion of the beam power density. The beam spot size 
indicated an increase in the spot diameter along the beam 
propagation direction. This has resulted due to the swing of 
acceleration voltage between -8.8 to -11.2kV. There was a 
EMI pickup by one of the comparator stage due to faulty 
ground plane in the PCB, which was evident from the model. 
The circuit PCB was modified for the ground plane. This has 
reduced the noise in the output DC voltage to ~600Vpp, which 
further reduced by adjusting the time constant of the PI loop 
from 10ms to 0.15ms. The final noise or ripple in the output 
was ~250Vpp. This made the accelerating DC high voltage 
output to be highly stable.  

Recovery of high voltage after an event of arc is of 
high significance in any industrial coating process. This will 
decide the timescale of actual availability of vapour for 
process and coating. In the present circuit the blocking of high 
voltage in an event of arc is done by an over current sensing 
circuit, which pulls down the trigger signal output for the 
tetrode for a specific time and then leaves back. In case the 
arcing condition still persist, the blocking further happens and 
this routine runs till no over current detection occurs.  

The launch time of the electron beam from the source 
to the target of in the range of 2-3ns, whereas the time 
constant of the circuit to recover is of the order of 0.1ms. Also 
for the evaporating surface to reach an equilibrium surface 
temperature, the time scales of the order of 2-3min. Hence a 
complete recovery of acceleration voltage and the beam 
current should be as fast as possible for achieving a consistent 
evaporation. The recovery circuit has been turned to a 
recovery time of ~50ms. Assuming the delay will provide 
sufficient time for clearing the condition of arc in the system.  

 

   
    

 
 
 
 
 
 
 

Fig.1, Electron beam Gun Power supply. Below- beam 
trajectory [Fig 2] and typical beam puncture spot at 1kW of 
beam power without and with ripple in acceleration voltage 
[Fig 3]  

    
                    Fig.2                                     Fig.3 

III. RESULTS AND CONCULSION 
The control over the high voltage variation/ripple is 

essential in attaining a steady beam spot size on the target 
resulting in consistent evaporation from the surface. The effect 
of the beam recovery circuit after an event of arc on the 
consistency of evaporation rate and hence the vapour 
availability time could also be studied. A near un-interrupted 
delivery of atomic vapour for the laser interaction experiments 
could be achieved after these modifications.    
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