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Bitron’s Theory and Design

LIAO Xu, REN Xue-zao, and LI Zheng-hong
(Science College, South-western University of Science and Technology Mianyang Sichuan 621010)

Abstract A structure of a high power microwave oscillator based on the couple between two cavities is
proposed and studied. The structure composes of two cavities and a drifting tube. The couple between two cavities
is important for the oscillation to occur under the controlled condition. The structure acts more like a Klystron than
a distributed traveling wave device. As a result, the oscillator has higher efficiency and its working mode is
controlled without mode-competition. The large signal physic process is studied based on the self-consistent theory
and the interaction factor k is introduced to study interactions between the beam and the structure. Finally, a
conceptual design of a S-band bitron driven by a 700 keV, 10 KA electron beam has been designed.
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theory was lost, while many important and new
phenomena occurred in particle in cell (PIC)
simulations and experiments. For example, not only

1 Introduction

New applications for high-power microwaves

(HPMs) have stimulated interests in the development
of HPM devices from the conventional microwave
tubes!!). Though there exists many similarities between
HPM devices and conventional microwave tubes,
differences emerge continuously. The most common
one is the RF pulse shortening in the HPM devices®?!.
Taking advantage of structures of conventional
microwave tubes, efforts of HPM devices’ designers
are mainly focused on the use of various codes, such as
MAGIC, KARAT, etc. The interest to the analytical
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the RF breakdown was involved in the phenomena of
RF pulse shortening in the HPM devices, but also the
mode-competition was. And the output power closely
depends on the number of the periodst® in relativistic
backward wave oscillator (RBWO), which is
significantly less than that of the conventional BWO.
Our work is focused on the development of a
general formalism, which is valid for Bitron devices®.
It allows one to calculate the self-excitation conditions
and the output power in the devices analytically. Such
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a general theory is also useful for analyzing the
large-signal physics processes in the high-power
microwaves’ devices of the similar structures. The rest
of the paper is organized as follows. Section 2 presents
the structure of a Bitron device and its RF field
distribution along the beam path. Section 3 deseribes
the electron motion under the influence of the RF field,
and the energy exchange between the beam and the RF
filed. In section 4, the self-consistent theory is used
to analyzes the RF field excitation in the structure.
Section 5 gives the brief results of PIC simulation on
the structure shown in Fig. 1. Section 6 summaries the
results.
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Fig. 1 Schematic structure of Bitron

2 Device’s Structure

The structure of the Bitron is shown in Fig. 1.
There are two main parts in the device: two cavities
and a drifting tube. And its circuit model is shown in
Fig. 2, where R means RF output in the circuit. Beam
will be modulated when it passes the first cavity (the
modulation cavity), and it is intensely bunched when it
enters the region of the second cavity. The microwave
generated in the second cavity is determined by two
factors: the couple between beam and the cavity, and
the modulation efficiency of beam when it enters the
second cavity. Table 1 summarizes the main
dimensions of the structure of the device.
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Fig. 2 Circuit model
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Table 1 Dimensions of the devices’ structure

cm
Cavity Cavity Cavity Cavity  Drift Tube  Drift Tube
radius length radius length Radius Length
Ry T: Rz T, R L
4.6 1.0 4.6 1.0 3.6 9.4

Fig. 3 shows the z-component RF field distribution
in the interaction region, which can approximately be
expressed as follows:

E, (0<z<d,)
E(z) =40 (L<z<d, +L) Q)
-E, (d;+L<z<d,+L+d,)

Where E, and E, are determined by the structure of
the cavity.

20+

T | T
0 50 100 150
Z/mm

Fig. 3 Field distribution of Bitron

3 Electron motion

Let us consider the RF field excited by a beam of
electrons moving linearly inside the structure. Assume
that the space charge forces and the velocity spread in
the electron beam are negligibly small, and in the
function describing the spatial structure of the cavity
RF field, we can separate the transverse and axial
distribution and represent the z-component RF field of
a cavity as:

E,(r,z,t) = AE(Z)sin wt 2
Where A is the field amplitude, and E(z) describes
the transverse and axial structure of the RF field inside
the structure.

In principle, electron motion in the cavity can be
given by!®":

97 _ & G E@sing (3a)
dz  myc
dp 2m  y
@ iy
Where o, = Af(r,) (1, is the beam radial position),
is microwave wavelength, and y is

(3b)

p=wt , 1
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relative factor.
The first order solution to Equation (3) can be
given by:

o=@, +kVLsing, + ¢, (4a)
7 =y, +Vsing, =V, sin (g, +k'V,Lsin(¢,) +¢,) (4b)
2n 1 ea,E,d
Where k'="——— Vv, =011
A7 -1y Comc
2n L Yo _eaqyE,d,

AN R
injecting phase.

V, +V, =, —1 When the interaction between
beam the microwave saturates. If cos(p,)=1, the
efficiency can be given by:

_ E,d,J;(«)

E,d, + E,d,

Where o ~k'V,L denotes the acting factor of the
cavity. d,and d, are the interacting length (see Fig. 3).

From Equation (5), the efficiency 7 reaches the
peak value when « ~1.5, and the peak value is:

—, @, =0t isthe
m,C

()

n= O.588EZ—OIZ (6)
E,d, + E,d,
4 Field Excitation
Excitation of the RF field,

E,(r,z,t) = AE(2) f (r)sin wt (here the field amplitude

A is a slowly variable fuction of time), can be

described by the equation below!®:
2

) | e, @ 9e®_ 1 d
dt Q dt &, dt

[, i@ DE.(r,2)dz

(@)

The integral in the right-hand side (RHS) of
Equation (7) is often called source term or the gain
function. Because beam thickness is very small
compared with the tube radius, Equation (7) for the RF

field excitation can be rewritten as °12!;
oN0)

(0} — &) Asing + Acosg =
®)
f(r)d ¢t
—==— | (z,t)E(2)dz
] RACUEO
2n .
Wherelz(z,t):l—"j e ”Mdg, is the corresponding
2ndo

high-frequency component of the electron current, and
from Equation (4b), it can be given by

| (z,t) =21,J,(a) cos{(p(z) - wﬂ 9)

0

thus Equation (8) can be given by:
Wy

(0} — 0*)Asing + Acosg =

Ia)—f(rb)Jl(oz)Ezd [sin (pcosw—z—cowsinw—zj
& Vo Vo
(10)
then Equation (10) can be given by!:
2 2
DU Lg% (a1)
W, ® Qv
A=190) 5 (E deos - (12)
€0 Vo

From Equation (11), it can be seen that the
radiation frequency depends on the resonant frequency

@, Oof the cold structure, the length of the drifting tube,

and the cold structure’s Q value . When w—L:Znn,
VO
then w=w,.
By introducing:
Q) EldlEzdchos(a)_L) |
L (7/02 _1)3 Vo
is Alfven current, which denotes the interacting factor

between beam and the cavity, Equation (12) can be
simplified as follows:

a =k, (a) (13)

Fig. 4 is the curve of the interacting factor k

versus the acting factor« . From the curve, it an be

seen that the microwave oscillation does not occur

untilk >2. So k >2 is the condition for oscillations
to start up which can be given by™”:

2
I Q f(r,)" EdE,d,L COS[Q)—LJ >2 (14)
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Fig. 4 Acting factor r versus interacting factor k

5 PIC simulation

The device’s structure shown in Fig. 1 is used in
the PIC simulation driven by 800 kV, 12 kA beam. And
the simulation results are shown in Fig. 5~7. Fig. 5 is
the excited RF field in the structure when the driven
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beam passes. Fig. 6 is the spectrum of the RF field at
the output region, and its RF frequency is 3.864 7 GHz.
Fig. 7 is the curve of the output power versus time at
the output port, and the output power reaches 2.65 GW.
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Fig. 6 Spectrum of RF field at the output region beam
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Fig. 7 Simulated output power versus time

6 Conclusions

An S-band Bitron is presented for which a 2-D
PIC simulation has indicated the efficiency can reaches
28%. The system includes a simple structure. And the
elementary functions for electron bunching and energy
transfer to the RF filed are performed at the working
mode. The mechanisms to avoid non-working mode

competition are also included. Detailed studies on the
simple structured Bitron tell many physical processes
happened in HPM devices, and results can be a very
useful tool to guide some particular HPM devices’
designs in PIC simulation.
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