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Abstract

Modelling and simulation of gyrotrons have two interconnected aspects, namely beam formation in the electron-
optical system (EOS) and beam-field interaction in the resonant cavity. In this paper we address both problems and
outline the physical models and nurmerical techniques implemented in our problem-oriented package of computer
codes. In order to illustrate our approach we present some results of numerical experiments carried out at the FIR FU
centre and directed towards analysis and optimization of the existing devices of the Gyrotron FU Series as well as
applied to the development of simulation-based design (SBD) of a novel high harmonic gyrotron with the electron beam

encircling the axis and a permanent magnet system.
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1. Introduction

Modelling and simulation are the two indis-
pensable components of the paradigm of compu-
ter-aided design (CAD) based on numerical
experiments. Nowadays, CAD is a widely used
technique for engineering and optimization of
various electron devices including the gyrotrons
as one specific class of them (see for example
[1-5]). Moreover, it gives deeper physical insight

into their operational performance and allows one
to study and predict basic characteristics of the
tubes in a broad parameter space in a more
economical, flexible and informative way com-
pared with direct measurements. Over the years a
great number of researchers and institutions have
been involved in the development of physical
models and computer codes for simulation of
different gyro-devices worldwide [1-5] Their
limited availability and narrow specialization
for the solution of specific problems, however,
continue to motivate many groups to develop
their own simulation tools. Aiming for further



development of the Gyrotron FU Series and
optimization of the existing devices, similar work
is being carried out in the FIR Research centre FU
(Fukui, Japan) in collaboration with IE-BAS
(Sofia, Bulgaria) and IAP-RAS (N. Novgorod,
Russia). Its main goal is the development of
effective software packages based on adequate
physical models and characterized by effective
program implementation. In this paper, we outline
and illustrate with specific examples some of the
developed codes. These are: (i) GUN-MIG/CUSP
sofiware package for CAD of electron-optical
systems (EOS) of gyro-devices; (i1) cavity simula-
tion-rime independent single mode code (C5-
TISM) and (iil) cavity simulation-multi mode code
(CS-MM).

2. Ray tracing software package
GUN-MIG/CUSP

GUN-MIG/CUSP is a problem-oriented trajec-
tory analysis tool that traces the electron trajec-
tories in combined static axisymmetric electric and
magnetic fields and calcunlates beam parameters
and electron-optical characteristics of the electron
gun [6,7]. Both, magnetron injection guns and
guns with field reversal (or cusp guns) can be
simulated. The software package is based on a 2.5
dimensional (2-1/2D) self-consistent physical mod-
el which comprises of relativistic equations of
motion, Poisson’s equation and relations govern-
ing extraction of beam current from different
cathode regions (virtnal planar diodes with ther-
mionic emitters) in an axially symmetric EOS. A
square-shaped grid and a five-point discretization
formula are used for the solntion of the boundary-
value problem by the finite difference method
(FDM) with successive over-relaxation (SOR) on a
sequence of three grids with increasing finesse (i.e.
decreasing step). The potentials and fields are
interpolated vsing a 4 by 4 mesh points stencil for
Lagrange interpolation. The axial magnetic field is
input as a set of polynomial expansion coefficients
or directly as an array produced by a separate
program for magnet design. The off-axis compo-
nents of the magnetic field are computed from the
paraxial expansion. The electrons of the beam

contribute to the electric field through their space
charge. A finite number of electron trajectories,
each associated with a definite current density are
traced through the systern integrating their equa-
tions of motion by the fourth-order Runge-Kutta
method. The space-charge distribution is com-
puted using a combination of the particle-in-cell
method with the area-weighted algorithm for
allocation of the charges to the mesh. The cells
are defined by the same mesh, which is used for the
solution of the boundary-value problem. For each
time step inside a given cell, the charge is deposited
to the four adjacent vortices of the cell {(mesh
nodes) according to the area-weighted algorithm.
Allocating the charge and summing up the
contribution of all rays the charge density in each
node is obtained. The region near the emitter is
divided into a number of small virtual diodes in
which the current is governed by the potential
distribution and the initial velocities of the
thermoelectrons. It is also assumed that in each
virtual diode the Langmuir theory holds and the
technique implemented in GUN-EBT software
package [8] is applied for the computation of the
extracted currents.

GUN-MIG/CUSP is written in FORTRAN-77
and is operational on an IBM compatible PC. It
consists of a set of computational modules and
post-processor program intended for systematiza-
tion and visualization of the results of numerical
experiments. Information is presented in a se-
quence of plots and tables on seven screens
altogether and is stored in files with generic names,
which reflect the type of data they contain and the
variant of the analyzed system. In such a way, by
running the code with different initial parameters
and conditions, a database containing well-struc-
tured results from various simulations is being
created.

A typical triode magnetron injection gun (MIG)
analyzed using GUN-MIG/CUSP is shown in
Fig. 1 together with the results of trajectory
analysis. A series of such guns, which differ in
the configuration, sizes and positions of the
electrodes have been studied [6].

The outlined software package has also been
used for computer-aided electron-optical design of
a novel EOS for a high harmonic gyrotron with an



axis-encircling electron beam and magnetic system
utilizing a permanent magunetic circuit [7]. A
distinguishing feature of the novel EOS is the use
of a gradual field reversal instead of an abrupt one
as in the traditional cusp guns. The configuration
of the eleciron gun together with the axial
magnetic field distribution and electron trajec-
tories are shown in Fig. 2. The required magnetic
field is produced by a system which utilizes a
permanent rare earth (NdFeB) magnetic circuit,
designed and manufactured by the Shin-Etsu
Chemical Co. using the ELF/MAGIC code [9]. It
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Fig. 1. Magnetic field distribution and electron orbits in a
triode magnetron injection gun.
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(MAGNETIC FIELD PRODUCED BY PM AND ADITIONAL COILS)

is of a hybrid type and is composed of tings with
magnetization oriented radially and axially so
arranged as to produce an appropriate field profile
having a long enough flat-top region along the
resonant cavity. For fine tuning of the magnetic
field distribution a set of adjusting bolis as well as
additional coils are used. The final configuration
of the EOS has been optimized after a great
number of iterations and is characterized by 2 high
electron-optical performance. High-quality elec-
tron beams can be produced with adeguate
velocity ratio, small velocity spread and low ripple.
Based on the computer-aided electron-optical
design the mechanical design of the EOS has been
performed. The main parts of the tube have been
manufactured by GYCOM (N. Novgorod, Rus-
sia). The whole device has been assembled and put
in operation successfully at the FIR FU Research
Ceptre. Preliminary experiments with the novel
gyrotron have confirmed the high electron-optical
performance of the EOS as predicted by numerical
simulations.

3. Single mode time independent code CS-TISM
The physical model realized in CS-TISM code is

one, originally proposed by Fliflet et al. [10]. In
accordance with this model, the electron beam 1is
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Fig. 2. Configuration of the EOS for LOG, magnetic field profile and electron trajectories.



represented as an ensemble of particles and their
trajectories are traced in an ambient maguetic field
By = ByZ and high-frequency electric field E =
E;7+Egl of a TE,, mode in a cyimdﬂcai
coordinate system with unit vectors 7, 6 and 7
The field components are given by

Efr,8,2,1) = (Z % V), Fmn(z) explicot), )

Eg{r,0,2,0) = (Z X VW00 mal(2) explioi), {2)

where  the  membrane function fm =
Comdmlbpmryexp(—im &) is a solution of the
corresponding wave equation for a cylindrical
wavegnide. Here J,(x) is the mth order Bessel
function of the first kind and the transverse wave
number Ky = Yo/ Reaw 15 determined by the
boundary condition J) (x,,) =0 on the cavity
wall of radius R_,,. The normalization coelficient
is given by C ] — Y (!, The
axial dependence of the field intensity is described
by the complex vprofile function F,,(z)=

F{z)exp[—i®(z)] with amplitude F{z) and phase
®(z). As usual, harmonic time dependence with an
angular frequency o of all field components is
assumed. It is presumed also that the rotation of
the TE,,,, modes is in the same direction as the
gyromotion of the electrons (co-rotation). A minus
sign in the exponent, which depends on the
azimuthal angle, corresponds to the co-rotation.
The individual electron orbits are described by the
relativistic equation of motion

d-#
mg ’D = —e (E + X EU> E)!

where P = y¥ ig the normalized momentum ex-

pressed by the velocity of the electron ¥ and the
relativistic factor y = (1 + p? /N2, Here my is the
rest mass of an electron and ¢ is the speed of light.
In a slow-time-scale formulation Eq. (3) is reduced
to the following two eguations for the normalized
transverse momentum p, and the slow time scale
variable 4

Tt — s, Roo) B0, Rup )F () cos(sh — ),
)

dA 1 ) L .
T =-—AW{_S$ Egc)B'fn“;l)u Ry{p))sin(s4 — )

w Qg
o e 5
S ©)
where s is the harmonic number, Ry, is the radins
of the guiding centre of the electron orbit, 8y =
P,/%0 is the Larmor radius, £y = e¢By/my is the
cyclotron frequency and  Aun(s, Rye) = Ko Com
jm—s{knm gc)’ Eﬁayn(&) Ry} ‘“‘“«"’"‘{js I(kmnRL(pz)i
S (kmnRL(Pt))}

The axial dependence of the field intensity is
described by an equation which follows from the
theory of weakly irregular wavegnides [11]
dZ

d;” + K2 F

= —ip ]y Ayu(s, Rye)

2n
x 'j% / afoy (A?p ‘f) exp(~isAyddg,  (6)
0
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where 7, is the total beam current, « = v,/v, is the
orbital-to-axial velocity ratio (pitch factor). Here
the longitudinal wave number k. =[w?/c’—
12,/ RA)Y? depends on the axial coordinate
through the cavity radius R(z). If the cavity radius
changes slowly along the axis we can consider a
weakly irregular waveguide as one where the fields
at any z have one and the same (ransverse
structure and differ only in their amplitude
through the function F,,,{(z). Indeed, the gyrotron
interaction cavities are typically cylindrical, with
tapers of various sizes and lengths on either end to
aid in mode selection and to improve the efficiency
of interaction. Such cavities are capable of
supporting a large number of modes, but gyro-
trons are typically operated near cut-off (k> &)
Therefore, at the gun end the waveguide is well
and truly cut-off. The wave there is evanescent and
its amplitude becomes smaller the closer it goes
towards the electron gun. On the contrary, at
the output end there is an outgoing wave travell-
ing in the z-direction. This situation is described
by the following so-called radiation boundary
conditions

Lon) ik o) = ™)



where the minus sign corresponds to the entrance
(z=z,;,) and the plus to the exit (z=2,,) end of the
cavity.

Calculation of the efficiency involves an average
over all the electrons in the beam. The electronic
efficiency (efficiency of the interaction between
beam electrons and the field) is given by

A ey .
qelm<yo“'1>’ (8)

where y, and y; are initial and final values for the
electromn, respectively, and the average () is taken
over the ensemble of particles representing the
beam. '

The outlined code has been used for simulation
of a gyrotron with an electron beam encircling the
axis. An inherent feature of such a device is its
high-harmonic operation due to the fact that an
axis-encircling beam couples effectively only with
co-rotating modes having azimuthal indices equal
to the resonant harmonic number. This leads to
greater mode separation and eventually to greater
mode selectivity. As the harmonic numbers for
such scheme of operation can be significantly
greater compared with traditional gyrotrons, the
required magnetic fleld for gyro-devices with axis-
encircling beams is greatly reduced and can be
produced by a permanent magnet, thereby elim-
inating the need for a cryogenic superconducting
magnet. An important advantage of the gyro-
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Fig. 3. Configuration of the resonant cavity and longitudinal
field profile (accelerating voltage U,=37kV, beam current
I,=1.5A, average velocity ratio «=1.6, beam ripple 4, =8%,
maximum magnetic feld at the fat-top region By=1.06T,
frequency mismatch &= 0.54%).

CAVEYM: Summary of the resulis of numerical experiments
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Fig. 4. Total efficiency and output power vs. beam current for
two values of the velocity ratio.

devices with permanent magnets is that their
weight and sizes are considerably reduced. Addi-
tionally, such portable devices are more econo-
mical and simple in operation. The absence of
mode competition (which is a severe prablem for
the conventional gyrotrous, especially at higher
harmonics) in LOG guarantees a single mode
operation. For such sitvation, the single-mode
physical model described above and implemented
in the CS-TISM code is an adequate choice. As an
illustration we present, here, the results from the
calculation of the total efficiency of the beam-field
interaction in a resonant cavity optimized for
operation at fourth harmonic of the TE,;; mode.
The configuration of the resonator and the long-
itudinal field profile in it are presented on Fig. 3.
The dependence of both the total efficiency and the
output power on beam current is shown in Fig. 4
for two values of the average velocity ratio of the
electron beam. The first experimental resulls
obtained after the tube was put into operation
corroborate the predictions of the numerical

experiments.

4, Multimode code CS-MM

In the CS-MM code a well known and widely
used multimode physical model is realized (see,



e.g. [12,13]). It consists of a system of eguations
that describe self-consistently both the dynamics
of electrons and excitation of the resonant cavity.
Representing the high-frequency field as a super-
position of modes labelled by the index s the
equation of electron motion takes the form
dp . 2
- A+ pl* = 1)p

3

./
:iiz 7F jy(g}exp[i(?g—ﬁs‘%)]} . &

where p = (p,/p,o) exp]—i(3 — J¢)] is the normal-
ized orbital momentem, 3¢ is the initial value of
the slowly varying phase 8 =0 — w,t, 0 is the
azimuthal coordinate of the electron in the frame
of the guiding centre, w, is the frequency over
which averaging is performed, 4 is the normalized
frequency mismatch and { is the normalized axial
coordinate. Here #, 18 the harmonic number of sth
mode with longitudinal profile f/({). The normal-
ized mode amplitudes F and phases ¥, obey the
system '

dF, 1y \ a¥, o

Bl R -y @/ — S @//

ar 5( ZQ Py-ealns j dr @, ns + @,
(10)

where 7= w,t is the dimensionless time,

wy=w{ +iwy, o] =w,/20, O, is the quality

factor. The co*npie;; value @, = @ +i9? which
characterizes interaction between the electron
beam and sth mode, is given by

I 1 o o
o.= i B[ ([Ferro
wexp[—i(¥; — n,9)] dé‘) d@g} de, (1)

where 7, is the dimensionless current [12,13].

The code CS-MM exists in two versions, namely
for a PC (Fortran 77) and an SX-5 computer
(Fortran 90).

As illustrative example demonstrating the cap-
abilities of the CS-MM code we present, here,
some results {rom numerical experiments carried
out for the investigation of the interaction between
TE,; (at fundamental cyclotron resonance) and
TE ¢ (at the second cyclotron harmonic) modes in

the FU-II Gyrotron. Depending on the opera-
tional parameters of the tube (beam current 7,
accelerating voltage [/, velocity ratic ALFA and
magnetic field B or frequency mismatch DELTA)
several different regimes can be observed such as
single mode excitation, mode suppression, mode
competition and mode cooperation. The temporal
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Fig. 5. Temporal evolution of mode excitation and bunching of
the electrons: (a) single mode operation at second harmonic, (b)
mode competition between TEy; and TEyg, (c) mode coopera-
tion (1B, mode facilitates the excitation of TE,; mode). The
basic parameters of the eleciron beam (voltage U,, current 7,
and velocity ratio ALFA), resonant cavity (radius R, length
L.}, magnetic field B and frequency mismatch DELTA are
given in the insets of the diagrams.



evolution of the bunching process and mode
dynamics in several characteristic cases are pre-
sented in Fig. 5.

5. Conclusions

The computer codes outlined form the core of
the developed software package. This package also
includes several supplementary modules for pre-
and post-processing of the simulation data. A
distinguished and advantageous feature of this set
of programs (in comparison with other known
tools) is that they are united by a common
functional assignment and are stored in a well-
structured library which can easily be extended by
the addition of new modules. In such a way the
software package allows one to perform a com-
plete analysis of any gyrotron combining, in a
natural sequence, simulation of beam formation in
the electron-optical system and beam-field inter-
action in the resonant cavity.

The developed software package is a powerful
tool for analysis, optimization and simulation-
based design of gyrotrons. It has been validated
successfully in the course of the development of 2
novel high barmonic gyrotron with axis-encircling
electron orbits and a rare-earth permanent mag-
nets [14].

We plan to continue the development and
improvement of the physical models and the
software tools for simulation of gyro-devices in
order to apply them to: (i) optimization of the
operational performance of the existing devices of
Gyrotron FU series, (i) interpretation of the data
obtained from direct experiments and (iify CAD of
new tubes.
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