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ABSTRACT The disk-beam relativistic klystron oscillator (DB-RKO) with the radial-line high frequency
structure is one of the attractive high power microwave (HPM) sources due to its specific virtues of weak
space-charge effect, high power handling capacity and strong electron collection ability. However, such a
device generally exhibits a bulky volume in the radial direction, retarding its actual applications in some
compact occasions. Besides, it usually saturates slowly because of the insufficient beam-wave coupling
strength. For this purpose, a compact DB-RKO with a rapid saturation process is proposed and physically
designed in this paper. By compressing the axial width of the electron beam drift tube suitably, the beam-
wave coupling strength is enhanced clearly and the saturation process is accelerated significantly. The whole
beam-wave interaction structure is shortened with a radial length of about 5 cm. Besides, in order to increase
the device compactness further, an improved magnetic-excited method is presented to enhance the magnetic
field in the diode area by introducing a pair of soft-magnets. Furthermore, with the guiding of a lowmagnetic
field of 0.4 T, the compact DB-RKO is experimentally demonstrated to be capable of generating Ku-band
HPM radiations with a peak power of 810 MW, a power conversion efficiency of 28%, a center frequency
of 14.19 GHz and a pulse duration of about 27 ns. The proposed DB-RKO is promising for the package of
the permanent magnets which are preliminarily designed in this paper.

INDEX TERMS High-power microwave, relativistic klystron oscillator, disk electron beam, low guiding
magnetic field.

I. INTRODUCTION
High power microwave (HPM) technology has been exten-
sively investigated during the past decades owing to its many
potential applications in the civil and military fields [1], [2].
Until now, relativistic vacuum electronic devices continue
to be the prominent radiation sources for generating HPMs
based on the coherent radiation from an intense relativis-
tic electron beam (IREB) [3]–[14]. Among the multifarious
HPM sources, the radial-linemicrowave devices driven by the
disk-shape IREBs are attractive due to their specific merits
of weak space-charge effect, high power handling capacity
and strong electron collection ability [15]–[17]. In such kind
of device, the electron beam is emitted and propagates along
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the radial direction. The beam density and the space-charge
effect are both gradually weakened during its propagation,
which is advantageous for the deepmodulation of the electron
beam and the suppression of the collector erosion caused
by the intense electron bombarding. Besides, the resonant
cavities are arranged radially and the radio-frequency (RF)
field density can be balanced across the output gaps where
the RF breakdown easily occurs. So this type of devices is
expected to produce microwave radiations in high frequency-
bands with high power, high efficiency, low guiding magnetic
field and compact size.

Unfortunately, the progress of the disk-beam HPM devices
was initially retarded by the electron beam confinement and
the slow saturation process [18]–[20]. In some prototype
experiments, the output power was much lower than the
simulation predictions, which casts doubt on this technical
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FIGURE 1. Schematic of the ku-band compact DB-RKO: (a) device
structure and (b) disk-shape IREB.

scheme. Recently, by improving the electron beam qual-
ity and the high frequency interaction structure, we have
preliminarily demonstrated the feasibility of this techni-
cal scheme with a disk-beam relativistic klystron oscilla-
tor (DB-RKO) which was capable of generating Ku-band
gigawatt-level microwave radiations in the experiment [21].
However, the previous DB-RKO exhibits an enormous size
with a radial dimension larger than 50 cm, which obstructs
its actual applications in some lightweight occasions. In this
paper, we improve the compactness of this device signifi-
cantly by designing a higher beam-wave coupling structure
and utilizing an improved magnetic-excited method. Besides,
the compact DB-RKO is experimentally demonstrated to be
capable of generating Ku-band gigawatt-level HPM radia-
tions with a low guiding magnetic field. In addition, the
operating feature of the low guiding magnetic field provide
possibilities to pack the device with the permanent magnets
(PMs) which are preliminarily designed in the end of this
paper.

II. DEVICE STRUCTURE
Figure 1 presents the schematic configuration of the Ku-band
compact DB-RKO, whose working principle is briefly
described as follows. When a high voltage pulse is loaded
on the coaxial foiless diode, the disk-shape IREB is emitted
from a cusp of the cylindrical cathode based on the explosion
emission mechanism. The electron beam propagates radially
under the guiding of an external magnetic field, which is
supplied by two coils and a pair of soft magnets. The soft-
magnets are inserted into the cathode base for compactness.
The beam-wave interaction structure mainly consists of a
three-gap buncher, a double-gap extractor and several radial-
line drift tubes. In the three-gap buncher, the disk electron
beam is highly modulated by the TM01 mode, which is
a standing wave and established based on the transit-time
effect. Then, the beam modulation current gets maximal after
a short drift. The axial width of the radial-line drift tubes
is designed as 6 mm with a cut-off frequency of 25 GHz
for the TM01 mode. Whereafter, a double-gap extractor is
followed closely and plays a role in converting the microwave
energy from the well-bunched IREB. Finally, the extracted

HPMs are radiated through a coaxial waveguide with TEM
mode.

III. COMPACT DESIGN AND PHYSCIAL ANALYSIS
Because of the radial expansion of the disk electron beam,
the beam-wave interacting impedance of the DB-RKO is
inversely proportional to the beam radius approximately,
a feature requires special considerations. It makes the device
saturate slowly compared with the popular annular beam
HPM devices. In order to accelerate the saturation process,
the device was generally designed to operate at a low diode
impedance in initial studies [22]–[25]. However, the low
diode impedance requires the anode-cathode distancemust be
minimized much closer, which may lead to the closure of the
diode caused by the plasma expansion especially in the long-
pulse condition [26]. An alternative solution for this issue is to
add the resonant cavities to improve the beam-wave coupling
strength. Yet, the whole device would become cumbersome
to some extent, limiting its practical applications in some
compact occasions. In this section, the design principles and
the physical analyses of a compact DB-RKO are illustrated in
detail.

A. DESIGN OF BEAM-WAVE INTERACTION STRUCTURE
When the electron beam passes through the buncher of the
DB-RKO, an eigen-mode is excited inside the buncher based
on the transit-time effect and modulates the electron beam in
turn. A small-signal theory by calculating the beam-coupling
conductance ratio is generally used to analyze themode selec-
tion and the start-oscillation process [27], [28]. For a three-
gap buncher, the 2π /3 mode is usually chosen as the working
mode because its conductance ratio stays negative around the
diode voltage of hundreds of kilovolts. Figure 2(a) shows a
typical structure of a radial-line three-gap buncher and its
electric field distribution of the 2π /3 mode. L1 and L2 are the
axial widths of the resonators and the drift tubes, respectively.
The radial electric field profile of the 2π /3 mode can be
described as Er ∼ E0f (r) exp(jωt), where E0 is the electric
field amplitude, f (r) is the normalized field distribution and
ω denotes the angular frequency of the RF field. When the
diode voltage is defined, the electron velocity υe would be
fixed. The gap coupling coefficientM can be calculated by

M =

∫ r2
r1
f (r)ejβerdr∫ r2

r1
|f (r)| dr

, (1)

where βe = ω/υe is the electron phase-shift coefficient.
Substituting (1) into

Ge/G0 = −
1
4
βe
∂M2

∂βe
, (2)

one can obtain the beam-loading conductance ratio.
Keeping L1 = 12 mm unchanged, the conductance ratios

are plotted in Fig. 2(b) under the cases of L2 = 6 mm and
L2 = 7 mm. The conductance ratios remain negative around
the beam voltage of 400 kV, which indicates the 2π/3 mode
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FIGURE 2. The three-gap buncher: (a) electric field distribution of 2π/3
mode and (b) normalized electron beam-loading conductance ratio.

FIGURE 3. Simulations of the three-gap buncher: (a) PIC model and
(b) waveforms of the RF electric field.

can be excited during the transition of an intense electron
beam. Meanwhile, it can be also found that the conductance
ratio amplitude in the case of L2 = 6 mm is much larger
than that in the case of L2 = 7 mm around the diode voltage
of 400 kV. It means that when L2 = 6 mm, the electron
beam will deliver more energy to the RF fields after the
electron beam transits through the buncher one time and the
RF fields may get saturated with fewer electron transition
periods. It should bementioned that the L2 is selected as 7mm
in the previous designs of the Ku-band DB-RKO [20]–[22].
The reduction of the saturation duration is mainly realized by
decreasing the diode impedance and adding the beam-wave
interacting resonant cavities.

In order to validate the above assumption, we build the
physical model of the three-gap buncher of the DB-RKO
(as shown in Fig. 3(a)) in a particle-in-cell (PIC) simulation
code CHIPIC which has been widely verified in the design of
HPM devices [29]. The diode voltage and beam current are
configured as 400 kV and 6 kA respectively with a rise-time
of 2 ns. A guiding magnetic field of 0.4 T is loaded to confine
the disk IREB. The waveforms of the gap electric fields of the
two cases are displayed in Fig. 3(b), It can be seen that the RF
field gets saturation at t ≈ 38 ns in the case of L2 = 6 mm
while the saturation duration is prolonged to t ≈ 65 ns in the
case of L2 = 7 mm. It indicates that the saturation process

FIGURE 4. Fundamental harmonic modulation current of the three-gap
buncher.

can be accelerated significantly by decreasing the axial width
of the radial-line drift tube befittingly. In fact, the drift tube
has the key function of cutting off the TM01 operation modes
in the resonant cavities. When the L2 is decreased from
7 mm to 6 mm, the TM01 working mode will be attenuated
more quickly in the drift tube. Thus, the RF fields will be
more concentrated in the resonant cavities and the beam-
wave coupling will be strengthened. The enhanced beam-
wave coupling is very advantageous to the start-oscillation
and the power conversion for the DB-RKO. Figure 4 shows
the fundamental harmonic modulation current distribution of
the three-gap buncher. It can be found that the fundamen-
tal harmonic modulation current I1 grows gradually in the
buncher and reaches the peak of about 7.6 kA, which denotes
a bunching depth I1/I0 of 126% where I0 is the averaged
beam current.

After the electron beam is fully modulated by the three-gap
buncher, an extractor is followed to extract the microwave
energy from the bunched electron beam as much as possi-
ble. Generally, the output power Pout of a klystron can be
expressed by

Pout =
1
2
I1 · (MV1) cosψ, (3)

where M is the gap coupling coefficient of the extractor, the
V1 is the gap voltage across the extractor, and 9 denotes
the phase difference between the space-charge wave and
the RF fields. When the fundamental harmonic modulation
current I1 gets maximal, one should enhance the gap coupling
coefficient M suitably to improve the output power. In the
previous study, a three-gap extractor has been testified to
have a capacity of extracting the microwave power with an
efficiency of about 35%. In this design, in order to com-
press the radial dimension of the device, we are inclined
to utilize a double-gap extractor to achieve an equal power
conversion efficiency. Nevertheless, if the gap number of the
extractor is decreased, the output power would be reduced
accordingly due to the absence of the additional decelerating
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FIGURE 5. The double-gap extractor: (a) electric field distribution of π
mode and (b) gap coupling coefficient.

FIGURE 6. Typical simulation results: (a) output power, (b) microwave
frequency spectrum, (c) positive power flow of the electron beam and
(d) radial electric field distribution.

voltage across the last gap. Therefore, other measures must
be exploited to strengthen the beam-wave interaction in the
extractor. Figure 5(a) displays the double-gap extractor and
the electric field distribution of the π mode. According to (1),
one can attain the gap coupling coefficient of the double-gap
extractor shown in Fig. 5(b). It is clear that the gap coupling
coefficient has a considerable increasement when the L2 is
changed from 7 mm to 6 mm. The higher gap coupling
coefficient will help the output cavity to extract more energy
from the bunched electron beam. It inspires us to employ a
narrower drift tube for the design of the double-gap extractor.

Based on the above physical analysis of the beam-wave
interactions of the buncher and the extractor, we select the
axial width of the radial-line drift tube as 6 mm to accelerate
the saturation process and to improve the beam-wave cou-
pling strength of the presented DB-RKO. The whole device
structure is the same as that shown in Fig. 1. The electron
beam parameters and the magnetic field strength remain the
same as above. The structure parameters are optimized care-
fully in the PIC simulation. Typical simulation results are
illustrated in Fig. 6. The output microwave gets the peak at
t ≈ 27 ns (see Fig. 6(a)). It is found the whole oscillator

saturates more quickly compared with PIC model of the
single three-gap buncher. That is because the electron beam
is modulated further in the extractor after passing through the
buncher in the start-oscillation stage. The RF energy stored in
the extractor partially couples into the buncher and benefits
the growing of the 2π/3 mode. The phase of the coupled RF
energy into the buncher can be controlled by adjusting the
length of the drift tube between the buncher and extractor. The
output power of the DB-RKO reaches 920 MW, indicating a
beam-wave conversion efficiency of about 38%. As shown
in Fig. 6(b), the main frequency of the output microwave is
14.15 GHz. The case of L2 = 7 mm is also optimized and
compared in Fig. 6(a). The saturation duration is prolonged
to be t ≈ 42 ns. Besides, the output power is decreased
less than 800 MW. Figure 6(c) displays the positive power
flow of the electron beam. It is found the electron beam is
continuously decelerated during the two gaps of the extractor.
Meanwhile, it is noted that the first gap shares the most beam-
to-wave power conversion. That is because the microwave
output channel is directly coupled with the second gap, which
has a lower circuit impedance compared with the first gap.
This feature agrees with the field distribution of the cold
cavity in Fig. 5(a). After saturation, the radial electric field
is distributed in Fig. 6(d). As is expected, the 2π/3 mode and
the π mode are excited in the three-gap buncher and in the
double-gap extractor, respectively. Moreover, the length of
the beam-wave interaction structure remains only about 5 cm,
which is clearly shortened by comparison with the previous
DB-RKOs [18]–[20].

B. IMPROVEMENT OF MAGNETIC-EXCITED METHOD
Another problem limiting the compactness of the DB-RKO
is the conducting magnetic field, which is mainly excited
by two groups of coils with the same structure and cur-
rent amplitude but the opposite current directions [22], [30].
However, the previous configuration is not suitable for the
miniaturized design of the DB-RKO. In that case, the radial
magnetic field strength Br is decreasing quickly when the
radius is lower than the inner radius Rc of the solenoids (see
Fig. 7). Thus, the diode has to be partially inserted into the
narrow space between the two coils and its radial demission
generally satisfies Ra ≈ 2Rc, where Ra denotes the radius
of the diode anode. Besides, because the coaxial part of the
diode is structurally encircled by the magnetic coils, the Rc
cannot be designed too small due to the risk of the electrical
breakdown between the cathode-anode gap of the diode.
Therefore, the radial dimension of the DB-RKO is generally
oversized.

In order to address this problem, we introduce a pair of
soft-magnets (µr � 1) to improve the distribution of the
magnetic field. This pair of soft-magnets is foisted into the
cathode base and is configured symmetrically respecting to
the electron beam channel (see Fig. 1). By Computer Simula-
tion Technology (CST) electromagnetic studio, the magnetic
field is calculated and illustrated in Fig. 7. It can be seen that
the magnetic field is significantly strengthened in the range
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FIGURE 7. Improved magnetic-excited method: (a) structure and the
magnetic field distribution and (b) radial magnetic field distribution along
the electron beam channel.

Rs < r < Rc compared with the case without the soft-
magnets. In fact, owing to their ultrahigh relative permeability
µr � 1, the soft-magnets would dramatically pull the nearby
magnetic field lines surrounding them. Such peculiarity of
attraction will largely strengthen the axial magnetic field Bz
inside the soft-magnets. The enhanced two axial magnetic
fields are opposite in the direction and will be extruded with
each other at the electron beam channel, which yields an
additional radial component magnifying the local conducting
magnetic field. Assigning the length and the radius of the soft-
magnet Ls = 7 cm and Rs = 2.8 cm respectively, the radial
magnetic field strength at r ≈ 3.6 cm is largely increased to
0.45 T from 0.15 T. By this method, the diode dimension can
be remarkably compressed. The radii of the electron emission
and anodewall in this design are reduced to 5.5 cm and 3.6 cm
respectively, which are in obvious contrast with the radii
of 12 cm and 9 cm in the previous DB-RKO [22]. Besides,
the conducting magnetic field appears a uniform distribution
with an amplitude of about 0.4 T at the beam-wave interaction
area, which lays the foundation of the efficient beam-wave
power conversion.

IV. EXPERIMENTAL RESULTS
The compact Ku-band DB-RKO is operated on a SINUS-type
electron beam accelerator with a full width at half maximum
(FWHM) pulse duration of about 55 ns. The disk electron
beam is emitted from a knife-edge disk-shape cathode made
of the graphite material (shown in Fig. 8(a)). The graphite
cathode is located along the centerline of the radial-line drift
tube and clamped between the two soft magnets. The right-
end of the cathode base is chamfered to avoid the over-
strong electric field. The magnetic coils are powered by a
group of charged capacitors. The diode voltage and the diode

FIGURE 8. Generation of the disk IREB: (a) configuration of the diode and
(b) electron beam imprint on the ring-shaped nylon witness target.

current are monitored by a capacitance voltage divider and
a Rogowski coil surrounding the cathode stick, respectively.
The DB-RKO is placed inside a vacuum chamber pumped
down by a turbo pump to be < 1× 10−2 Pa.
Before the HPM generation experiment, the disk IREB is

firstly diagnosed by a ring-shaped nylon witness target with
an axial width of 10 mm. The witness target is inserted into
the first gap of the double-gap extractor. When an IREB
attacks the nylon witness target, a yellow imprint would
be stigmatized, which helps us to estimate the quality of
the electron beam. Under the guiding of a magnetic field
of 0.4 T, Figure 8(b) shows the electron beam imprint after
one shot. It can be seen that the electron beam imprint
exhibits a basically uniform distribution along the azimuthal
direction. It indicates the electron beam is emitted uniformly
by the knife-edge graphite cathode. Besides, the improved
magnetic-excited method is experimentally testified to be
capable of guiding the disk IREB well. The axial width of
the electron beam imprint is measured less than 2 mm, which
means the vast majority of the electron beam can be able
to pass through the beam-wave interaction structure almost
without loss.

Typical experimental results are illustrated in Fig. 9. When
a high voltage pulse of 420 kV is loaded to the DB-RKO,
the emitted diode current is monitored to be 6.8 kA. The
radiated HPM is measured by the crystal detectors located
6.5 m far away from the launching antenna. The microwave
components of the whole measurement circuit are all cali-
brated carefully by a high precision vector network analyzer
(VNA). In order to validate the improvement of decreasing
the saturation duration, the simulation microwave waveform
under the condition of the experimental waveforms of the
diode voltage and the diode current is also plotted in the
Fig. 9(a). It can be seen that the generated microwave has
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FIGURE 9. Experimental results of the ku-band compact DB-RKO:
(a) waveforms of the detected microwaves, (b) its frequency spectrum
and (c) far-field power density distribution.

a pulse duration of about 27 ns, which is very close to that
of the simulation waveform. The microwave frequency is
14.19 GHz. By integrating the far-field power densities over
the azimuthal angle range θ ∼ [−24◦, 24◦], the peak power is
calculated to be 810±30 MW, indicating a power conversion
efficiency of about 28%.

V. DESIGN OF PERMANENT MAGNETS
Owing to the weakened space-charge effect, the DB-RKO
has been experimentally demonstrated to be capable of pro-
ducing the gigawatt-level HPMs with a low magnetic field
of 0.4 T. Besides, the device has a short axial width (∼ the
wavelength λ), which may provide potentials to be packaged
by the permanent magnets (PMs). Because of the absence of
power supply for the magnetic coils, the permanent magnet
packaged HPM devices will be much more efficient and
would have a broader application prospect. For this purpose,

FIGURE 10. Permanent magnets: (a) structure and field distribution, and
(b) radial magnetic field variation along the electron beam channel.

a PM system is designed and illustrated in Fig. 10(a). The
whole PM system is composed of two parts which are located
symmetrically along the electron beam channel. Each part
consists of an anode PM, a cathode PMand a soft magnet. The
anode PM exhibits an ‘‘L’’-shape and is magnetized along the
radial inward direction. The cathode PM appears a cylindrical
structure and is magnetized along the axial direction. The soft
magnet is adsorbed on the one side of the cylindrical cathode
PM. It should be mentioned that the two cathode PMmust be
magnetized along the opposite directions to produce a radial
magnetic field component.

In the design, the PM materials are selected as the NdFeB
N50 which is widely applied in the industry field and owns a
remanence of 1.4 T and an intrinsic coercive force of 1MA/m.
Figure 10(b) shows the radial magnetic field variation along
the electron beam channel. It is can be seen that the magnetic
field strength is larger than 0.4 T in the whole beam-wave
interaction region, which is sufficient for the confinement of
the above disk IREB. The difference compared with the dis-
tribution curve of Fig. 7(b) is that the magnetic field presents
some fluctuations in the beam-wave interaction region. Even
so, it is also able to constrain the disk IREB well almost with-
out any axial deflection. That is because the there is always no
axial magnetic field component at the electron beam channel
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FIGURE 11. Simulation results of the PM packaged DB-RKO: (a) electron
beam trajectory and (b) output power.

due to the symmetrical configuration of the two PM parts
with respect to the beam channel. Such characteristic is very
different from the situation in the axial HPM source driven by
an annular IREB. Figure 11 displays the simulation results
of the electron beam trajectory and the output power when
the designed PM magnetic field is loaded into the Ku-band
DB-RKO. It is found that disk electron beam is focused
well around the centerline of the high frequency structure. In
addition, the output power shows little change compared with
the case of the uniform magnetic field, which preliminarily
demonstrates the feasibility of the designed PM system.

VI. CONCLUSION
The application of the DB-RKO is limited by its bulky vol-
ume and the slow saturation duration. In order to address
this issue, a Ku-band compact DB-RKO is proposed and
physically designed in this paper. The beam-wave coupling
coefficients with different axial widths of the electron beam
drift tube are analyzed and compared. It is found that when the
axial width is reduced from 7 mm to 6 mm, the beam-wave
coupling strength is enhanced and the saturation process is
accelerated significantly. The whole beam-wave interaction
structure appears a short radial length of about 5 cm. Besides,
by introducing a pair of soft-magnets inserted into the cathode
base, an improved magnetic-excited method is presented to
enhance the magnetic field in the diode area. In this way,
the DB-RKOwill be designed muchmore compact compared
with the previous cases. In the experiment, the improved
magnetic-excited method is validated to confine the disk
IREB within an axial width of less than 2 mm under the guid-
ing magnetic field of 0.4 T. Moreover, the compact DB-RKO
is demonstrated to be capable of generating Ku-band HPM
radiations with a peak power of 810 MW, a power conversion
efficiency of 28% and a pulse duration of about 27 ns. Mean-
while, the proposed compact DB-RKO is very promising
for the permanent magnet packaging, which may provide an
alternative solution for the miniaturized and low energy-cost
HPM devices.
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