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Abstract — There has been an interest to develop an efficient, compact microwave device using field-
emitter-arrays(FEA)-based cathode. To evaluate the optimum device-efficiency in a compact size, the
propagation propetties of the premodulated electron beam for the FEA-based cathode is studied in detail
by the computer simulation using a PIC code, MAGIC. For the premodulated electron beam whose
phase of the energy leads the phase of the current by 7/2, the amplitude of the downstream current
modulation can be kept as high as the initial modulation level. Using the beam parameters with the
beam voltage of 6 kV and the current of 0.2 A, 30% of efficiency is predicted when the quality factor of
800 is chosen. The device length is reduced about twice compared with that of the conventional device.
The design of practical planar cathode is carried out to meet the minimum diameter of the electron

beam as 0.5 mm.

I. Introduction

Premodulated electron beam has been investi-
gated for the applications to high-power amplifiers
such as the traveling wave tube (TWT) and klystron
[1,2]. Premodulated beams may allow extremely
compact amplifier devices by eliminating the ampli-
fication regions. For producing premodulated beams,
field emitter arrays (FEAs) have been recognized as
a promising candidate for use in power amplifiers
due to their high current density capabilities {3, 4].
With a large initial current modulation, it may be
possible to reduce considerably the size of the
amplification region. Recently, a nonlinear theory of
a prebunched electron beam propagating through a
drift tube has been reported [5]. The theory and
experiment of typical klystron modulation has been
carried out [6]. In this work, to design the compact
klystron amplifier using FEA-based cathode, we
investigate the propagation properties and cavity
excitation by the prebunched electron beam using a
computer simulation (PIC code, MAGIC). In this
simulation, the influence of the initial energy modu-
lation of the prebunched electron beam during prop-
agation is investigated. The observation is made by
the simulation on the current and energy modula-
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tions of an electron beam propagating downstream,
when the energy and current of electron beam are
simultaneously premodulated at the injection point.
When the prebunched electron beam enters the drift
tube, the initial beam current is modulated accord-
ing to a prescribed current profile f°(0¢), where o is
the modulation frequency of the beam. In addition
to initial current modulation, we may also modulate
the beam energy at the beginning with some phase
difference between current and energy modulation.
The initial energy modulation plays an important
role in current modulation as the beam propagates
downstream.

One way of introducing the initial energy modula-
tion is installation of an idle cavity at the beginning
of the tube. Another way is placing an FEA-based
cathode in the cavity. By tuning the cavity the phase
difference between the energy modulation and cur-
rent modulation can be introduced.

In addition to the study on beam propagation, a
cavity excitation by the premodulated electron beam
is investigated using a computer simulation. The
saturated efficiency is estimated when the quality
factor of the cavity is varied.

A conventional electron gun has a concave shaped
cathode. It is not easy to fabricate the concaved
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cathode using FEAs. So an electron gun of planar
cathode is designed for an electron beam whose
voltage is 6 kV, beam current is 0.2 A, and the min-
imum diameter is 0.5 mm. The emission current
density of the cathode using FEA-tips is assumed to
be 7.0 Alcm?,

II. Results of Computer Simulation

2.1. Propagation Characteristics of Premodu-
lated Electron Beam

The behavior of the premodulated solid electron
beam which propagates through the drift tube under
the guiding magnetic field is simulated using a par-
ticle-in-cell code, MAGIC. As described in the pre-
vious section, the beam premodulation is done at the
cathode. In this simulation, modulation is set up at
the beginning of the 65 mm-long drift tube. The
beam current of 0.1 A and the beam voltage of 4 kV
with the beam radius of 1 mm are used here. The
filling factor of the beam in the drift tube is 0.25. To
ignore scalloping effect of the electron beam, the
magnitude of external magnetic field is chosen to be
six times the Brillouin magnetic field for the con-
fined flow. The current modulation is modeled as f
(wr)=1-0.8 cos wr where, ® is the modulation fre-
quency. The beam current is highly modulated at
the beginning and an arbitrary large value of 0.8 for
the modulation strength is chosen in this simula-
tion. The frequency (®) of the initial current modu-
lation is assumed to be 10 GHz.

The total A.C. current of the electron beam propa-
gating downstream is measured at every 2 mm dis-
tance during 10 nsec and also Fourier-decomposed
to investigate the mode evolution. The mode
strengths of fundamental mode and higher harmon-
ics up to four are compared. With several strengths
of the initial energy modulation (€), and the phase
difference () between the initial current and energy
modulation, the propagation properties of funda-
mental mode component of A.C. current amplitude
are observed.

Fig. 1 shows the evolution of the fundamental
mode components of the current modulation in an
electron beam propagating downstream. The mode
evolution labeled by pre-bunched current is obtained
from the computer simulation of an electron beam
with premodulated current at the cathode. On the

other hand, the mode evolution labeled by velocity
modulation is obtained from the simulation of a
beam conventionally velocity-modulated at the input
cavity. The peak A.C. current of the premodulated
electron beam has the maximum value at the begin-
ning and decreases as the beam propagates down-
stream of the drift tube due to its space charge. As
well known, the A.C. current of the conventional
velocity modulation is determined by the input
power level and modulation frequency which is
determined by the resonant frequency of the input
cavity.

Elimination of the input cavity should not only
reduce the size of the device but also potentially
increase the efficiency of the device. The output
cavity is placed as close as possible. However, due
to the physical space of the device, maximum
strength of the A.C. current can not be acquired.
Typical current of the premodulated beam is shown
in Fig. 2, where a snap-shot of the current modula-
tion of the downstream beam is taken. Fig. 2 exhib-
its a D.C. current at z=2.3 cm. This is consistent
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Fig. 1. Comparison of bunchings for the premodulated
current and the conventional energy modulation.
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Fig. 2. Typical current of premodulated beam propagat-
ing downstream obtained from computer simulation.
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with Fig. 1, where current modulation of the beam
vanishes at z=2.3 cm for the pre-bunched current.

In this work, one way of recovering this debunch-
ing effect is studied by introducing the energy and
current modulation at the cathode. The energy mod-
ulation can be realized in practice by placing an idle
cavity at the cathode. Therefore, the energy modula-
tion is modeled as g(w)=—ecos(wt + o) where, € is
the strength of the initial energy modulation which
is normalized by the electron beam voltage, o is the
initial phase difference between the energy and cur-
rent modulations which can be achieved by mis-
match in resonant frequency of an idle cavity with
modulation frequency.

Fig. 3 shows a plot of the amplitude of fundamen-
tal mode component (m) versus the propagation dis-
tance (z) for several different values of the energy
modulation strength €. Here, the phase difference,
a, is chosen to be zero. The curve labeled by £=0.0
in Fig. 3 is identical to the curve labeled by pre-
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Fig. 3. Fundamental mode strength ¢, versus propagation
diatance z obtained from computer simulation for 0=0.0
and several different values of the initial energy modula-
tion €.
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Fig. 4. Plots of the fundamental mode strength ¢, versus
propagation diatance z obtained computer simulation for
€=0.025 and several different values of the initial energy
modulation oL

bunched current in Fig. 1.

It is observed that the distance at which the ampli-
tude of A.C. current is minimized is not sensitive to
the strength of the initial energy modulation €. But
with a larger value of the energy modulation strength
€, the modulated current can propagate a consider-
able distance without serious deterioration of the
modulation amplitude.

Fig. 4 shows plot of the A.C. current amplitude
versus the propagation distance (z) for different val-
ues of the initial phase difference a. Here, € is cho-
sen as 0.025. The very small difference between the
cases for a=0 and o=m may be caused by the
numerical error on the computer simulation due to a
limited simulation time for Fourier transformation.
It is observed from Fig. 4 that the current modula-
tion strength for a=n/2 comes down to a minimum
value at z=17 mm which is significantly less than
those of o=0 and o=n. For a=-1/2, the modulation
amplitude comes down to the minimum value at
z=32 mm. The modulation amplitude for o=-11/2
increases near the injection point and the beam can
propagate a considerable distance without deteriora-
tion. It means that an appropriate initial energy-
modulation can maintain the amplitude of the down-
stream current modulation as high as the initial
level. The similar behavior can also be observed in a
detuned penultimate cavity of a conventional multi-
cavity klystron [7, 8].

Fig. 5(a) and (b) show plot of the Fourier transfor-
mation of modulated current measured at the begin-
ning and at downstream in the drift tube. The
fundamental mode is prevailing and the others are
very weak at the beginning, but as the beam propa-
gates, amplitude of the fundamental mode is getting
smaller while the others are growing. Fourier
decomposition is performed to observe the evolu-
tion of fundamental mode component during the
beam propagates.

Fig. 6(a) and (b) show that the strength of the fun-
damental and high harmonic components versus
propagating distance. The first four lowest modes
are chosen because the other higher modes contribu-
tion is negligibly small. Fig. 6(a) is for a=-n/2 and
Fig. 6(b) for o=n/2. The energy modulation strength
is 0.025 for both cases. The fundamental mode pre-
vails until the beam debunches completely.

It is seen that the initial energy modulation plays
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Fig. 5. FFT of current measured at propagation distance
obtained from computer simulation. (a) z=2 mm, (b) 2=24
mm.
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Fig. 6. Mode strength of m=1, 2, 3, 4 obtained from com-
puter simulation for (a) £€=0.025 and 0=-1/2, (b) €=0.025
and O=T0/2.

an important role in current modulation as the mod-
ulated electron beam propagates downstream. With
appropriate initial energy modulation, amplitude of
the downstream current modulation can be main-
tained as high as the initial modulation level.

2.2. Cavity Excitation by Premodulated Elec-
tron Beam

Computer simulation is carried out for the cavity
excitation by the premodulated electron beam using
particle-in-cell code, MAGIC. In this simulation,
the premodulated beam whose phase of energy
leads phase of current by 7/2 is used. It means that
the phase difference o between the initial current
and energy modulation is -n/2. The beam current of
0.2 A and the beam voltage of 6 kV with the beam
radius of 0.5 mm are used here. The filling factor of
the beam in the drift tube is 0.25. To ignore the scal-
loping effect in the electron beam, the external mag-
netic field is chosen as six times the Brillouin
magnetic field for the confined flow. The current
modulation is modeled as f{lowf)=1-hcos wr where, ®
is the modulation frequency. The frequency of the
initial current modulation is given by 5.045 GHz.
This frequency is used for microwave landing sys-
tem such as in airport. The output cavity is posi-
tioned at 3 mm apart from the cathode where the
amplitude of A.C. current is peak.

There are two important parameters in cavity exci-
tation. Such as the resonant frequency of the cavity
and the quality factor of the cavity. Fig. 7 shows a
transient behavior of the induced voltage at the out-
put cavity for several values of frequency detunings
1. Here, the quality factor Q is chosen as 1000. It is
shown that the amplitude of induced voltage indi-
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Fig. 7. Transit behavior of induced voltage at output cav-
ity gap for several values of frequency detunings when
Q=1000. The induced voltage is normalized.
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cates a damping oscillation. The induced voltage
approaches the steady-state value with the time.

To measure the energy extracted from the kinetic
energy of the electron beam to RF energy, we mea-
sure the energy of the electron beam at the injection
point and at the end point of the simulation respec-
tively. The electron beam loses its kinetic energy
during traveling through the cavity.

Efficiency is simulated when the quality factor of
the cavity is varied. Fig. 8 shows the saturation of
efficiency at an optimum value of the quality factor
(~800). If the quality factor (Q) increases the fre-
quency selectivity becomes larger, that is, the band-
width is very narrow. Fig. 9 shows the result of
computer simulation for efficiency versus frequency
detune parameter 1), which is defined as 1 = (0;~®)/
®,. The predicted efficiency is simulated while the
resonant frequency of the cavity is detuned.

2.3. Design of Planar Cathode-electron Gun

The schematic diagram of the electron gun for this
simulation is shown in Fig. 10. Varying the radius of
the planar cathode from 0.5 mm to 2.0 mm with 0.5
mm step, the current, axial velocity spread and mini-
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Fig. 10. Schematic diagram of electron gun using planar
cathode.
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Fig. 11. Current v.s. cathode radius.

mum radius of electron beam are obtained from simu-
lation. For each case, the position of anode and the
shape of focusing electrode are changed. So it is found
that the position of anode and the shape of focusing
electrode for an electron beam of 6 kV, 0.2 A.

The simualtion results are summarized as fol-
lows. Fig. 11 shows the current versus the change of
the cathode radius. As shown in Fig. 11, it is diffi-
cult to get an adequate current when the radius of
cathode is less than 1.0 mm. However the closer the
anode is to cathode, the larger current is emitted
with the same shape of cathode and focus elec-
trode. The radius of cathode should be larger than
1.5 mm to emit the desired beam current.

Due to the short distance between the anode and
the cathode, the beam interception into the anode
and the shaping of the focus electrode are carefully
considered in the design.

Fig. 12 shows the current versus the distance
between a anode and a cathode. The distance of the
anode to the cathode is chosen 4 mm to obtain the
larger current. The current of the electron beam
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anode aperture= 0.8mm, beam woltage 6kV,
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Fig. 12. Current v.s. cathode anode distance.
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Fig. 13. Simulation result of electron gun using planar
cathode.
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Fig. 14. Current v.s. shape of focus electrode.

decreases and the minimum radius of electron beam
increases when the radius of the anode increases.
Therefor, the smaller radius of the anode is desir-
able. Fig. 13 shows the simulation output of the
electron gun using a planar cathode by e-gun code.
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Fig. 15. Beam radius v.s. shape of focus electrode.

The plots for the current versus the size of d; and
d, are shown in Fig. 14 and 15, respectively. The
radius of the cathode (r)) is 1.5 mm, the distance
between the anode and the cathode (d_,) is 4.0 mm,
the radius of the anode (r,) is 0.8 mm and the
lengths of the focusing electrode (d, and d,) are 0.4
mm and 1.15 mm, respectively. In this case, the cur-
rent of the electron beam is 0.18 A, the minimum
radius of the electron beam is 0.51 mm (Fig. 15),
the axial position where the radius of electron beam
is minimized is 0.838 cm, and the axial velocity
spread is 0.104%.

IH. Conclusion

To design a compact klystron amplifier using
FEA-based cathode, a computer simulation is car-
ried out using a particle-in-cell code, MAGIC. The
initial energy modulation plays an important role in
current modulation as the beam propagates down-
stream. With an appropriate initial energy-modula-
tion, the amplitude of the current modulation can be
kept as high as the initial current-modulation level.
This means that the modulated current can propa-
gate a considerable distance without deterioration of
modulation amplitude. The appreciable growth of
high harmonic components is also observed as the
electron beam debunches.

The cavity excitation by the premodulated elec-
tron beam is also investigated by the computer sim-
ulation. This simulation is carried out to investigate
the influence of quality factor Q on energy transfer
from kinetic energy of the electron beam to the elec-
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tromagnetic energy induced in the output cavity. It
is observed that there is an optimum Q value for the
energy dependign on the initial current modulation
strength. Presence of the optimum Q indicates that
there is a nonlinear effect in interaction between the
modulated electron beam and the electromagnetic
field at gap of output cavity when the electric field
is strong enough. This nonlinear effect causes a
deterioration of the electron bunching.

To produce the 6 kV, 0.2 A electron beam with
the minimum diameter of 0.5 mm, a planar cathode-
electron gun using FEA-tips is designed by the
computer simulation. The predicted axial velocity
spread is estimated as 0.104%.
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