Analysis of a proposed high microwave power ion gyromonotron
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This paper presents a proposed ion gyromonotron capable of generating extremely high
microwave power. The essential feature of this device is the use of an ion beam as the
intermediary agent in converting the dc energy into microwave energy. The performance
of the proposed device is analyzed based on the numerical solution of the relativistic
electrodynamics equations governing the device operation. All the physical effects
pertinent to operation are fully taken into account. The results are displayed, discussed,

and interpreted.
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1. Introduction

The proposed gyromonotron comprises a
relativistic helical ion beam (RIB), an
electrodynamics (ED) system, a
superconducting solenoid to produce an axial
static magnetic field B, and an output
assembly. The ED system can be an open-
ended cavity of rectangular or circular cross
section. The essential feature of the proposed
gyromonotron is the use of an ion beam (IB)
rather than the conventional electron beam
(EB) for converting the dc energy into
microwave energy. The kinetic energy acquired
by the IB can be three orders of magnitude
higher than that of the corresponding EB.
Consequently, the microwave output power of
the proposed device is expected to be almost
three orders of magnitude higher than that of
a corresponding device using an EB [1]. This
means that tens of gigawatts are expected to
be generated by using the proposed device.
Evidently, this necessitates a corresponding
increase of the static electric and magnetic
fields required for operation. Therefore, the
expected output power will be limited by the
achievable values of these fields. The simplest
ion beam is a proton beam. Hence, the results
that will be presented here are for a proton-
beam gyromonotron. The proposed device can
find many wide applications in directed energy
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weapons and super-high-power radar systems
[1].

In the proposed device, the interaction that
leads to the microwave power generation is
based on the cyclotron-maser instability [1-4].
This instability is attributed to a relativistic
effect; namely, the dependence of the
cyclotron frequency . of ions on their energy
3. This dependence is given by:
o, wlain, (1)

Yy m

where q and m are the ion charge and rest
mass, respectively, and 7 is the relativistic
factor proportional to the particle energy given
by:
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where c is the velocity of light and v is the ion
velocity. This dependence gives rise to phase
bunching of ions under the action of a
properly chosen cavity transverse-electric (TE)
mode. Through this bunching a coupling is

established - between the cavity mode

characterized by the dispersion relation:

o’-kivi-0l =0, (3)
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and the fast-cyclotron beam mode given by:

o-kyv,-0.=0, (4)
where o is the operating frequency, k; is the
axial-wave number, v; is the axial-velocity of
the beam, and o. is the cut-off frequency. For
efficient interaction to occur, the two modes
are required to propagate in synchronism with
each other, i.e., the phase velocity vy of the
cavity mode must be equal to the phase
velocity of the beam mode. This requires that
the Doppler-shifted frequency g be equal to
o. or one of its harmonics. The Doppler-
shifted frequency is given by:
0, =0 - kz v, . (5)
For the exchange of energy to be from the
RIB to the microwave, o4 should be slightly
higher than s o. ,i.e.,

Wy 2 S0, (6)

where s is the harmonic number.

Since an ion gyrates faster in a magnetic
field when it has lost energy, the ions tend to
bunch in phases where the electric field ahead
is accelerating and that behind is decelerating.
If condition (6) is satisfied, the ion bunch will
slip behind the wave in phase and the bunch
will be developed and remain in the favorable
. phase as long as condition (6) is satisfied. The
formation of the bunch will be efficient since
the forces of repulsion between the ions
cannot disturb considerably the motion of the
ions.

2. Modeling of the gyromonotron

The gyromonotron is very difficult to model

analytically because the equations describing |

its operation must be solved using the full
rigor of relativistic electrodynamics [1-5].
Therefore, our model 1is based on the
numerical solution of the gyromonotron
equations. In the gyromonotron, the ion
dynamics are governed by the four-
dimensional equation of motion:

dP

= F, (7)
d t
where 1 is the proper time, P is the four-
momentum given by:
P =(ym\7,imyc),:\ (8)

v is the three-dimensional velocity, (i) is

the imaginary number, F is the Minkowski

four-force given by:

=(yf,1'%f—.;). 9)

“

The force acting on the ion is due to the

———

electromagnetic-field tensor, ¥ , which is
given by:

c o® P

¥y = o ki e (10)
é Ry 0%

where Xx; are the components of the four-

—

position vector, K

I—Q_.:(r_,ict), (11)

r is the three-dimensional position vector
and ® is the four-potential given by:

—_—

D A (12)
C

where A is the magnetic potential and ¢ is

the electric potential.

Equation (7) can be rewritten as:

dmu S
L= g (13)

dr c
where u; are the components of the four-

velocity given by:
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U -= {yeimy-¢ ) (14)

Note that the Einstein summation
convention is used in Eq. (13). In this
equation, Sy are the components of the four

current given by:
S =

where p is the charge density, and ] is the
current density.

Equation (7) can be decomposed into a
vector equation and a scalar one. The vector
equation is:

: 7 . 5 e

£X 2 A [E + v g Bormae | - o018
¢t my G*

And the scalar equation is:

B 5 - -

—ymc =-€e V.E. (17)
ct

In Egs. 16 and 17, E is the electric field
intensity.

The electrodynamics equations must be
solved consistently with the electromagnetic
wave equation given by:

~2

(VF = = [P i
cet”
where . is the free-space permeability, and k
=1,2,3, and 4.

Since the ion beam will be very tenuous,
its space-charge effect can be neglected and
the normal mode configuration of the
electromagnetic field in the cavity will not be
significantly modified. If a dominant TE,o;

mode is assumed, the field components are:
E . =E  sin(k,x) sin(k,z) cos(e t) (19a)
BX = B)’J’

sin(k,x) cos(k,z) sin(e t) (19b)

1

{6 1 hil, (15)°

B, = -B,,, cos(k,x)cos(k,z)sin(o t) (19¢)
where:
E
B, =k >, (20a)
@
& .
k, = —, 20b
L (20Db)
e (20¢)
a

In the above equations, (a) is the width of
the rectangular waveguide, L is its length, E,,
is the amplitude of the electric field and B,

and B., are the magnitudes of the respective

components of the magnetic field.

In order to save computational time. a
steady state is assumed to be established.
This means that the average power lost by the
RIB is equal to the power diffracted out of the
cavity. In this case the RIB sustains a
constant amplitude normal-mode oscillation.

A computer-aided design and analysis
program is developed in order to solve
numerically the above set of equations. The
first part of the program serves to design the
gyromonotron. This design must ensure a
grazing intersection in the - k; plane of the
dispersion relations characterizing the cavity
mode and the fast-cyclotron frequency mode
[2]. At the grazing intersection, the efficiency is
maximized and the sensitivity of operation to
small changes in . or k; is minimized. More
details concerning the gyromonotron design
are given elsewhere [6-13]. The second part of
the program computes the ion trajectories, the
efficiency, and the microwave output power as
functions of the following parameters:

1. The initial-relatvistic factor 7y, or
equivalently the beam energy V, since they
are related by:

e'M

(1 + :
m, C”

) (21)
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2. The transverse-to-axial velocity ratio « 90

L

. . 05|
where v, is the transverse velocity.

3. The ratio of the operating frequency to the
cyclotron frequency f/f..

4. The operating frequency F. a5

5. The amplitude of the RF electric field E,,.

0.0-80

m
Sy
"‘a,:-:é%‘

3 05’)"

104 210
3. Results

1.5

The results that will be presented here are
for a gyromonotron that is designed to operate
at a frequency of 3 GHz. The ED system is a
rectangular cavity operating at the TEq
mode. The results of computer simulation of ®
the ion gyromonotron operation are presented
in Figs. 1 through 6.

Figure 1 shows the distribution of the ions
of the RIB at the entrance of the ED system
and at its end. It is seen that the ions that
were initially distributed uniformly are
bunched.

Figure 2 shows the efficiency n versus v,. It
is seen that n increases firstly rapidly with v,
and then it decreases sharply. This is because z‘°1

increasing 7, has two competing effects on the 154
performance. As 7y, increases, the available
beam energy increases and the relativistic 1071

effects become more significant. On the other
hand, the size of the instability responsible for
gyromonotron operation decreases. 0.0180

0.5

Figure 3 gives the effect of a on the i
performance. It is seen that there is an
optimum value of o at which n is maximum.
This is because increasing o has two 181
contradicting effects on the performance. As a
increases, the available transverse kinetic
energy that can be transformed into
microwave energy increases. On the other
hand, the relativistic factor 7, increases with o
and the size of the cyclotron-maser instability
decreases.

1.04

2.0-

(b)

Fig. 1. The distribution of ions (a) at the entrance and
(b) at the end of the ED svstem.
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Fig. 3. Efficiency versus transverse-to-axial velocity ratio.

Figure 4 shows the effect of varying the
ratio f/f. on the performance. The variation of
this ratio is equivalent to the variation of the
static magnetic field B.. It is seen that there is
an optimum ratio at which n is maximum.
This because it is the static magnetic field that
essentially imposes the operating frequency.
At the optimum value of B, the synchronism
condition is fulfilled and the grazing
intersection between the cavity mode and the
beam mode is ensured.
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The effect of the RF field E, on the
performance is shown in Fig. S. [t is seen that
E. has two competing effects on the
performance. I[fE, is increased, the ability of
the wave to decelerate the ion bunches is
enhanced. However. if E, is excessively
increased, these bunches may fall in the
accelerating half cycle of the wave.
Consequently, the performance will be
degraded.

Figure 6 gives the effect of the operating
frequency on the performance. It is rlear that
the bandwidth is very narrow which is
expected since the ED system used is a cavity
resonator.
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Fig. 3. Efficienicy versus the RF field Ew.
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Fig. 6. Efficienicy versus the operating {frequency .

4. Conclusions

In this paper, a proposed super high-
power microwave generator is presented. This
is a gyromonotron using a helical relativistic
ion beam as the intermediary agent for
converting the transverse kinetic energy of the
beam into microwave energy. The principle of
operation of this generator is explained. A
computer aided design and analysis program
is developed and wused to analyze the
performance of this gyromonotron. The
program is used to investigate the effects of
some  important parameters on the
gyromonotron operation. The results of this
investigation are presented and explained. The
proposed device can be used in directed-
energy weapons and in super-high-power
radar systems.
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