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The autoresonant peniotron amplifier is a suitable source ef high
power RF radiation because of its high gain, high power, high frequency
and high efficiency operation features. In this report we present our
simulation results of a 10 GHz, 2.2 GW auto-resonant-peniotron amplifier
with an electron energy conversion efficiency of 72.5% and a gain of

about 58 dB.
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1. Introduction.

Recent developments in  fusion and elementary particle research have

stimulated a need for high power microwave to submillimeter waves sources.

The peniotron, invented by Professor S. Ono and his co-workers in 1963, is
an electron cyclotron resonance device in which cycloiding electrons are
injected into an interaction circuit, where an electromagnetic wave has been
excited[1]. The electrons interact with the wave and transfer some of their
transverse kinetic emergy to the latter. The peniotron falls into a class of
electron tube devices now commonly known as cyclotron resonance masers
(CRM).The gyrotron also belongs to this category. Unlike conventional
microwave source devices such as klystrons, magnetron and traveling wave
tubes, CRM devices do not need structures in their interaction circuits, and so
are very attractive as sources of high power and high frequency RF radiation.

The peniotron is unique among all electron tube devices in that electron
bunching is not essential in its operation mechanism. This unique feature

ensures that all electrons have the same experience in the interaction circuit and
so no energy spread occurs as they lose their kinetic energy to the
electromagnetic wave(EM). When operated in the autoresonant mode, the
electrons can lose both their longitudinal and transverse kinetic energy to the
EM wave, resulting in a conversion efficiency of nearly 100% [2]. This feature
makes the Auto resopant peniotron amplifier (ARPA) ideal for high power
operation, where low cfficiency would result in intolerable energy waste and
high investment in cooling ecquipment. However for the auto-resonance
interaction to occur, the phase velocity, Yo, of the electromagnetic wave must
be equal to the velocity,c, of light in free space. This requirement cannot be
satisfied in ordinary waveguides, where Vp is always greater than c, but it can
be approached if a sufficiently oversize waveguide is used as the interaction
circuit and a tapered guiding DC magnetic field applied [3]. The oversize
feature is desirable for high power operation, because higher power dissipation
can be tolerated in the device. In an oversize waveguide, the operation
frequency is well above the electron cyclotron frequency because ot the
Doppler upshift effect. Therefore the required DC magnetic field for sustaining
electron cyclotron oscillations in the interaction waveguide is reduced. This
DC magnetic field requirement can be further reduced by operating at high

cyclotron harmonics.

In this report we discuss the design considerations of a high power, 10
GHz ARPA, which we intend to use for experimental studies of high power
microwave generation at the JAERI LAX-1 laboratory, where a 1 MV, 3 kA
induction linac DC power supply source is installed.

. 1 —
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2. The Auto-resonance mechanism

The peniotron amplifier has a waveguide interaction circuit which is
immersed in a DC magnetic field, Bo .Into this waveguide both RF and a
cycloiding electron beam are injected. The total velocity of the electrons is
determined by the accelerating voltage applied at the anode. The electrons
cycloid along the axis of the waveguide at a cyclotron frequency ®c, which is
determined by the guiding DC magnetic field according to the following

equation:
w. = eB,/m (1)

where m is the relativistic mass of an electron. The electrons will interact with
the propagating electromagnetic wave in the waveguide and lose their kinetic
energy if the following interaction beam equation is maintained:

wW=pw, + BVZ (2)

where o and P are the angular frequency and phase constant of the EM wave,

respectively, and p is a positive integer. The term pv. represents the value by
which the EM wave frequency must be Doppler upshifted if the electron beam
is to remain in phase with the propagating EM wave in the waveguide, where
the wave mode is given by the following dispersion equation:

(/e = (wo/c)? + B (3)

where ¢ is the velocity of light in free space and ®Wo the cut-off angular
frequency of the waveguide. Fig 1 shows the graphical representation of the
beam and wave modes. The electrons and the EM wave will interact if both the
beam and the EM wave modes are coincident as indicated by point A in the
figure.

The resonant condition described by equation (2) is valid if the mass of
the electrons does not change. However if a high energy electron beam is used,
the initial relativistic mass of the electrons is higher than the rest mass value
and the electron mass decreases gradually as the electrons lose their kinetic
energy to the EM wave. Therefore the resonant condition is no longer
maintained if a high energy beam is used and in such a situation the electrons
cannot transfer all their kinetic energy to the EM wave. In the auto-resonant
condition, the cycloiding electrons can satisfy automatically the resonant
condition all the time with the propagating EM wave, even when their
relativistic mass is changing as they lose their kinetic energy to the EM wave.
The essential auto-resonant condition is that the phase velocity of the EM must
be equal to the velocity of light in free space. When this condition is satisfied,
the longitudinal momentum of the electrons is favorably transformed into the
transverse momentum, where the resonant condition is sustained all the time

— 2 -
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during the interaction. Therefore in the auto-resonant operation, the electrons
can lose both their longitudinal and transverse kinetic energy to the EM wave,
resulting in a very high conversion efficiency of nearly 100%.

The autoresonant condition can be derived by considering the electron-
EM wave energy transfer mechanism. We know there must be conservation of
momentum of the electrons as they transfer their kinetic energy to the EM
wave. Therefore the electron-EM wave interaction must satisfy the following
conservation of momentum equation:

) - e[ + v x (B+Bo)]

dt (4)
where B = lewo.pxE
Therefore
d(yv) _ v.E
Moy~ = - e[E+(v. E)p/oo -(*- )E+vxBo | (5)

In the above equations E is the RF electric field, B the RF magnetic field, B,
the DC magnetic field, Mo the rest mass of an eleciron,v the total electron

velocity and Y the relativistic constant, given by

Y=t
Y-

In the TE modes, that is Bz =0 and Bo= Boz, equation (§) is satisfied by
the following equation:

030V _ v B)reo = -efvp(ve Ee)

dt (6)

where E. and Vi are the transverse electric field and electron velocity
respectively. Considering the conservation of of clectron kinetic energy, we
can also write the following equation:

dy
szo‘a’{ - ‘e( El.vl)

(7)
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From equation (6) and (7) we can write the following equation:

& vl (v,

dt (8)
After integration we obtain
¥(1-vpv/c2) =K here K is a constant (9)

For a relativistic electron beam, @c= eBo/Moy = WoolY
Therefore the resonant condition of equation (2) can be re-written as
V(1 - vyfvp) = PWeo/w (10)

If we let VP =€, then equations (9) and (10) are identical and equation (10) can
be re-written as

Y(1 - v,/c) = pweo/w = K (11)

Equation (11) represents the auto-resonance condition. When this
condition is maintained, the right hand side of the equation can remain constant

if any decrement in the relativistic constant ¥ is accompanied by a
corresponding decrement of the longitudinal wvelocity Vz of the
electrons. Therefore, as the electrons lose their kinetic energy to the EM wave
and their relativistic constant decreases, their longitudinal momentum, and
hence Vz, must decrease to keep the right hand side of equation (11) constant.

We know this requirement can be satisfied because the e(VixBt) RF force term
has the effect of reducing the longitudinal velocity of the electrons by the right
value to compensate for the changing cyclotron frequency, which must change
with the changing relativistic term, and transform the longitudinal momentum
of the electrons to the transverse momentum. In this way, the cycloiding
electrons can lose both their transverse and longitudinal kinetic energy to the
EM wave resulting in a conversion efficiency of nearly 100%.

3. Simulation of the ARPA

We have done simulation studies of an auto-resonmant amplifier, which
has a circular waveguide in which a circularly polarized TE21 mode EM wave.
is excited. A cycloiding hollow electron beam is injected into the waveguide,
as shown in fig 2, where it interacts with the propagating EM wave.The
cyclotron frequency of the electrons is determined by the guiding DC magnetic
field, Boz, as described by equation (1) The TEz21 mode was selected because it
supports the fundamental cyclotron frequency peniotron operation
In the ideal ARPA, the phase velocity,Vp, of the propagating EM wave must be

— 4 —
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From equation (6) and (7) we can write the following equation:

d
% = v /c2[d(yvz)/dt] (8)

After integration we obtain

¥(1-vpv/e) =K where K is a constant (9)

For a relativistic electron beam, @c=¢Bo/Moy = WeolY

Therefore the resonant condition of equation (2) can be re-written as
Y(1 - v/vp) = pooo/w (10)

If we let Yp= ¢, then equations (9) and (10) are identical and equation (10) can
be re-written as

Y(1 - v,/c) = pweo/w =K (11)

Equation (11) represents the auto-resonance condition. When this
condition is maintained, the right hand side of the equation can remain constant

if any decrement in the relativistic constant ¥ is accompanied by a
corresponding decrement of the longitudinal velocity Vz of the
electrons. Therefore, as the electrons lose their kinetic energy to the EM wave
and their relativistic constant decreases, their longitudinal momentum, and
hence Vz, must decrease to keep the right hand side of equation (11) constant.

We know this requirement can be satisfied because the (VixBt) RF force term
has the effect of reducing the longitudinal velocity of the electrons by the right
value to compensate for the changing cyclotron frequency, which must change
with the changing relativistic term, and transform the longitudinal momentum
of the electrons to the tramsverse momentum. In this way, the cycloiding
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EM wave resulting in a conversion efficiency of nearly 100%.
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has a circular waveguide in which a circularly polarized TE21 mode EM wave.
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equal to the velocity,c, of light in free space, a condition which cannot be
satisfied in ordinary waveguides, where ¥p Is always greater than c. However
if a sufficiently oversize waveguide is used and a tapered DC magnetic field

applied, this condition can be adequately approached for a practical device.

We have developed a computer simulation code which we have used to
calculate the electron-EM wave energy transfer at assumed arbitrary operation
parameters.In the simulation 12 sample electrons which are evenly distributed
along the their orbit center are injected into the interaction waveguide. At the
waveguide entrance, the clectrons are assumed to have the kinetic energy
equivalent to the accelerating voltage applied at the anode of the electron gun.
The electron energy transfer to the EM wave is calculated at discrete points
along the waveguide, in which a fixed TEz1 RF field is assumed. Table 1
shows the simulation parameters, which were chosen for the convenience of

implementation in our laboratory.

Figures 3 shows the dependence of electronic efficiency and electron

beam velocity ratio on the vp/C ratio. As the ratio approaches unity, the
efficiency increases rapidly. because the auto-resonance mechanism becomes
more effective. The required beam velocity ratio decreases as the ratio
approaches unity because in the auto-resonant interaction we can convert the
longitudinal energy of the electrons to an EM wave, so a beam with a high
fongitudinal energy can be used. Figure 4 shows that the required DC magnetic
field can also be reduced as the auto-resonant condition is approached because
of the Doppler upshift effect. A weaker magnetic field is also desirable because
the increased beam radius increases the electron EM wave coupling, so a
weaker input RF power can be used.

The auto-resonant condition can be approached in an oversize waveguide
interaction circuit. However, as the Vp/C ratio approaches unity, the waveguide
radius increases rapidly as shown in figure 5. Therefore the electron-EM wave
coupling becomes weak and the necessary interaction length increases as
shown in the figure. In a realistic device, the dimensions of the waveguide
must be fixed to suit the laboratory parameters. For the convenience of our
laboratory, we have decided to use a waveguide with a radius of 18.7 mm. In
this waveguide vp/C - 1.6 and the electron energy conversion efficiency is
72.5%. Figure 6 shows the calculated optimum output power and the necessary
interaction length in this waveguide as the beam current increased and the other
operation parameters fixed. From this figure, we observe that it is necessary to
increase the beam current if high power is to be generated using a rcasonably
short waveguide interaction circuit, which is favorable from the point of view
of reducing the investment on the guiding DC magnetic field and also ease of
electron beam control.

4. Proposed Experimental set-up

Figure 7 shows the schematic layout of the proposed prototype ARPA
device, with design parameters given in table 2..A Pierce type field emission

Q._5i
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electron gun is used as the source of a hollow electron beam. The electron
beam is extracted from a cold velvet cathode on application to the anode a 1
MV acceleration voltage supplied by an induction linac. The electrons start
cycloiding on crossing the applied cusp DC magnetic field. and their orbit
radius is progressively compressed to the design value by a mirror DC
magnetic field between the cusp DC magnetic field and the main DC magnetic
field, wherc a uniform circular waveguide interaction circuit is inserted. The
main DC magnetic ficld is generated by three solenoid coils, whose magnetic
field strengths can be independently controlled to produce the required tapered
DC magnetic field profile. After interaction in the waveguide, and losing most
of its kinetic energy, the spent electron beam is diverted by the tapered DC
magnetic field to the wall of the tapered output waveguide.

5. Conclusions

We have presented the operation mechanism of the auto-resonant
peniotron amplifier and showed analytically that in the device cycloiding
clectrons lose both their longitudinal and transverse kinetic energy to the
electromagnetic RF field, resulting in a energy conversion efficiency of nearly
100%. The device has the potential of high efficiency amplification of high
frequency microwaves using relatively low DC magnetic field because of its
Doppler upshift characteristic. The device has also an oversize waveguide
interaction circutt, which makes it ideal for high power amplification. Its
ability to convert longitudinal energy of the electrons to RF power opens the
possibility of using an electron beam with high longitudinal energy, which is a
very attractive feature for designing high power electron guns.

We have presented the computer simulation results of a 2.2 GW, 10
GHz auto-resonant peniotron amplifier. The simulated device has a electron
conversion efficiency of 72.5% and a gain of about 58 dB.The device has
operation parameters implementable in our laboratory. We intend to construct
the device and use it for experimental study of high power auto-resonant
peniotron amplifiers, which in the future may be used as sources of high
power microwave RF radiation in applications such as ECRH heating of
fusion plasma and particle accelerators.
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Table 1 Simulation parameters of the ARFA

Operation mode circularly polarized TE21

Operation frequency 10 GHz
Beam voltage 1MV
Beam current 1 kA
Input power 1 kW

Table 2 Design parameters of the prototype ARPA

Beam parameters -

operation mode
waveguide radius

beam voltage 1 MV

beam current 3 kA

pulse width 100 ns

velocity ratio « 2
Magnetic field parameters

main fieid 0.78T

cusp field 0.2T
Operation parameters

operation frequency 10 GHz

circularly polarized TE21
18.7 mm

waveguide length 50.23 cm
phase velocity Vp = 1.6¢
conversion efficiency 72.5%
input power 1 kW
~output power 2.20GW
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wave mode

— — beam mode

Fig. 1 Dispersion diagram, showing the beam and wave modes in a
Doppler upshifted ARPA
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Fig. 2 Cross section of the interaction circuit waveguide in which
a circularly polarized TE;1 electric field is excited. The
electrons cycloid along the waveguide axis at a cyclotron
frequency determined by Bg,.
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