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Abstract:We have proposed the design of high power microwave source in a vacuum tube based on
the theory of negative mass instability. The proposed source does not operate based on a slow-wave
structure but instead makes use of accelerated charged particles. In our structure, an electron emitter
injects the charged particles into to the cavity. Emitted particles move around the anode, which
leads to electron acceleration and emission of electromagnetic waves with a specific frequency. In
this paper, we have enhanced the output power and frequency of microwave source by variation
of particles initial energy and the number of anodes incorporating their specific arrangement and
applied voltages. Working at room temperature, compactness, wide bandwidth, and tunability of
output frequency are among the advantages of the proposed source.
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1 Introduction

Electromagnetic radiation sources are of great importance in microwave applications due to their
various advantages such aswide bandwidth, prominent directivity, small antennas, and consequently
low power consumption. So, the generation of microwaves has been the subject of current studies
in various applications such as nondestructive testing [1, 2], radars [3], space [4], sensing [5],
communications [6], and point to point communications [7]. Based on these applications, the
microwave source with a tunable frequency and high power output is very crucial. Microwave
sources in vacuum tubes such as Orbitron MASERs, Gyrotron, Klystron, and Magnetron working
based on accelerated electrons have higher output power and efficiency in comparison with solid-
state sources such as TUNNEL, IMPATT, and Gunn diodes [8–12]. The microwave vacuum tubes
are categorized into slow- and fast-wave tubes. The slow-wave tubes suffer from their need for some
specific circuits to decrease microwave phase velocity below the light velocity; this is required to
match phase velocity with that of electron’s, and is challenging in very high frequency sources due
to the direct relationship between their circuit size and the wavelength [10, 13]. Furthermore, these
vacuum sources have problems such as their limited radiated frequency, complex structures, and
need to relativistic electrons, external magnetic fields, and expensive and enormous equipments.

The Orbitron MASER, as fast-wave device independent of slow-wave systems, can play the
role of a microwave radiation source [14]. It radiates based on a physical mechanism known as
Negative Mass Instability (NMI) theory similar to Gyrotrons. The electron emitter injects electrons
into the tube; due to their angular momentum, they orbit around the central wire in the emitter, and
generate the electromagnetic radiation as they lose energy. So, the device can emit high power and
tunable frequency radiation in 1GHz-1THz range, which makes it as a suitable candidate for radars
and many other applications [12, 15].

The Orbitron MASER consists of a metallic cylinder as the tube in which a wire is positioned
closely to the inner shell along the axis of cylinder; this wire plays the role of an electron emitter
that injects electrons into the tube. One or more wires, called anodes, are located in the center of the
tube. They are connected to specific voltages and responsible for radial electric field distribution
inside the tube. Emitted electrons move around anodes, leading to the emission of electromagnetic
radiation as a result of their acceleration [15–19]. The extracted mathematical expressions indicate
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that this emitter is working based on the theory of NMI theory. NMI theory causes phase bunching
of the rotating electrons, which results in coherent microwave emission. The radiation frequency
of such a coaxial system depends on the cylinder and anode diameters, the anode voltage, and
injected electron density. This Orbitron MASER has highlighted features such as very simple and
cost-effective structure, compactness, light weight, high power radiation at pulsed mode, tunable
frequency, and ulrtabroadband (GHz-THz) output [14–23]. This emitter can be also applied as an
ion source [24] or the gas-filled pulsed device [25, 26]. Other potential applications of this Orbitron
MASER include RF waves generation, rugged and battery-powered millimeter-wave radars [12],
speed control radars, and nondestructive testing.

The proposed structure can operate in both pulsed and steady-state modes. Both modes have
a similar mechanism; i.e., any power or frequency improvement in a steady-state Orbitron can be
implemented in the pulse mode [20, 22]. The output power of 10 µW almost at 1GHz frequency
with an efficiency less than 0.01% has been reported in a single-anode Orbitron MASER [18].
Also, 1mW radiation power at nearly 1GHz has been observed in a multi-anode system [19, 22].
Our aim in this work is to enhance the output power, frequency and efficiency of the emitted
radiation in single frequency condition. To this end, the number of anodes has been increased.
Besides, the optimum distance between wires, their voltage difference and arrangement have been
investigated. Hence, CSTparticle studio software package and 3D simulations has been incorporated
to simultaneously solve and analyze coupled Maxwell (for electromagnetic section) and Lorentz
equations (for electrons and their governing forces).

It is good to be mentioned that the multi-anode Orbitron MASER has been designed and
simulated for the first time. Moreover, the multi-anode arrangement with anodes of different
voltages have been exploited to increase radiation frequency and power of the MASER; this will
lead to more acceleration of the electrons and better phase locking compared to its counterparts
with anodes of same voltages. Consequently, high power radiation has been obtained according to
the simulation results of this paper. Finally, quasi-single-frequency and power radiation has been
observed due to the special proposed design and manipulation of the initial energy for electrons.

The rest of the paper is organized as follows: the theory behind the oscillation frequency of
electrons are briefly explained in section 2. The obtained output radiation of electromagnetic waves
are described in section 3. This radiation is collected by the port located at the top and bottom of the
tube. Additionally, the distribution of electric field and particle valocity for the proposed structure
are investigated. The dependence of output power on the anodes spacing for various potential
differences is also studied. Finally, section 4 concludes the paper.

2 Theory of orbitron MASER

The Orbitron MASER generates electromagnetic radiation for which the frequency varies in GHz-
THz range. The device contains a metal tube working in hard vacuum based on a simple physical
mechanism. Due to the lack of need for slow-wave structure, this device is categorized as a fast-wave
device capable of generating coherent waves with high output power. It can be built on small scale,
which is a considered a significant advantage for vacuum state sources. As NMI theory indicates,
rotating particles of different angular velocities can cause phase bunching in these structures. The
bunched particles will rotate around the anode wire and radiate coherent electromagnetic waves.

– 2 –



2
0
2
0
 
J
I
N
S
T
 
1
5
 
P
0
1
0
1
6

Figure 1. The structure of (a) single anode, (b) multi-anode Orbitron MASER.

As a result of interaction between charged particles themselves and also with the electric field,
micro-bunches of different energies are created. Consequently, these micro-bunched electrons
lose and gain angular energy, and can respectively move to lower or higher orbits; these clumps
(micro-bunched electrons) will have higher angular velocities when losing energy and vice versa
[18–20, 22]. So, the broadband radiation of electromagnetic waves at a frequency range of 1GHz-
1THz by different angular velocities (or energies) is achievable [15].

Gyrotron is another vacuum tube microwave source based on NMI with a mechanism similar
to that of Orbitron MASER. However, there are some crucial differences. As mentioned earlier,
injected electrons in Orbitron MASER are electrostatically confined in a potential well and move
around the central anode as a result of a natural population inversion; the inversion is caused
by loss of some electrons from the system due to the wire potential. Additionally, the Orbitron
MASER naturally works based on negative mass theory which necessitates the kinetic energy of
electrons to be low. In contrast to this, NMI in Gyrotron requires relativistic energy to achieve
population inversion [19, 27]. Another difference is the oscillation of electrons. By interaction with
a constant magnetic field in Gyrotron, the electrons oscillate in their propagation path, while they
rotate circular paths in Orbitron MASER.

A basic schematic view of Orbitron MASER is illustrated in figure 1(a). As depicted in this
figure, it consists of an empty metallic cylinder with a metal wire (anode) in its center, and an
electron emitter is closely located near the inner shell of the cylinder. The radii of cylinder and
anode are indicated as R and R0, respectively. As mentioned earlier, the strong radial electric field
is created inside the cavity due to a high voltage applied between the anode at the tube center and
the outer shell of the cavity. Therefore, some of the injected electrons are absorbed by anode which
causes electric current flow; subsequently, the rest of electrons orbit around the anode. The orbiting
electrons behave as negative mass particles, causing particle bunching due to their interaction with
each other. This will leave themmoving in different orbits around the anode and lead to the emission
of electromagnetic radiation as a result of their acceleration [22].

Using the force balance between the attractive inward force of anode and the outward centrifugal
force of electrons, the rotational frequency of particles can be obtained as [15, 22]:

ω0 =
1
r

©­­«
zeV

m ln
(
R
R0

) ª®®¬
1/2

(2.1)

where z, the sign and charge state of the particles, is set to −1 and e and m are electron charge and
mass, respectively. Moreover, V is the voltage applied to the anode, and r , R, and R0 respectively
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deonte the radii of an specific orbit, the cylinder, and the anode. According to eq. (2.1), the rotational
frequency is dependent on the radius of the orbit, the radius of the cylinder and applied voltage to the
anode, and can be tuned by the precise variation of these factors. However, increasing the applied
voltage between the anode and the cathode (body) suffers from practical limitations in steady-state
mode. Note that although Landau and Vlasov theory [20, 28] dictates the frequency of radiated
waves must be roughly equal to the rotational frequency of particles, here the frequency of radiation
is higher than the rotational frequency [15].

The radiation frequency due to the orbiting electrons is [15]:

ω = ω0 ±

(
1
√

2
+

i
√

2

)
ω0

3/2β;

β =
−ZeeRne

4π2Vr
ln

(
r2
r1

)
, (2.2)

R = 2πraveρ(l∆r)−1 (2.3)

where radiation frequency is the real and positive part ofω, and R, rave, ρ, l,∆r , and ne are resistance,
the average radius of anode wire and cylinder, the resistivity of electron shell, cylinder length, the
sum of anode wire and cylinder thicknesses and number of total electrons injected to the cylinder,
respectively. As evident from the above equations, the emitted electromagnetic frequency is about
ω0. So, the calculated orbital angular frequency is in good agreement with simulation results.

One of the ways to increase the power of an orbitron MASER is to use multi-anode wires with
the same voltages. Increasing the number of wires strengthens the radial electric field inside the
structure much more compared to single-anode mode. In the former, the electrons will sense the
radial periodic potentials because of anodes and they will accelerate more than the latter. Due to
the strength of this static radial electric field, particles will gain more energy (resulting in more
acceleration). If the phase locking occurs properly between the anode wires, the number of radiated
coherent waves will be increased, which in turn will lead to higher output power and frequencies.
In addition to manipulation of anode wires spacing, we have applied different voltages to anode
wires in this paper to accelerate the electrons more than the condition with anodes of same voltages;
increase in power radiation will be the result.

As stated above, enhancing the power of radiated waves in a single-frequency source can be
achieved by the spatial arrangement of anodes and increasing the energy of injected electrons. The
position of wires has to be arranged accurately in order to increase the apparent phase locking
between the anodes and improve radiation power [20, 22]. In accordance with previous researches,
power enhancement has been investigated in a multi-anode system with a constant voltage applied
to the anodes.

Considering this idea, multiple-anode arrays in hexagonal arrangement with their specific
applied potential differences has been proposed to improve the power efficiency. The schematic
of proposed multi-anode Orbitron MASER has been illustrated in figure 1.b. As evident from
this figure, the spacing and potential difference between the anodes are denoted by L and ∆V ,
respectively. The spatially-varying electric field inside the cavity can be created as a result of
potential difference applied to the anodes. Consequently, the particles are accelerated in the orbits.
Thus, the electrons orbiting around the anodes will have various energies in different places in the
presence of spatially-varying electric field, leading to single-frequency and high power radiation.

– 4 –



2
0
2
0
 
J
I
N
S
T
 
1
5
 
P
0
1
0
1
6

As illustrated in figure 1(b), the Orbitron MASER has six anodes in the center of a metallic
cylinder in an elliptical pattern. As obvious, electrons in this multi-anodes pattern orbit in an oval
shape and accelerate as the result of these anodes with different potentials. The electromagnetic
radiation will be the outcome of this particle acceleration. The frequency of this radiation is
f6a =

v0
L , where v0 is the average velocity of orbiting electron in the elliptical pattern, and L is the

period of anodes [29]. As described earlier, v0 = rω0, so v0 could be calculated fromω0. Moreover,
among the frequency components of electromagnetic radiation, the even ones are dominant in our
obtained results.

3 Simulation results and discussions

As indicated former, the high power radiation in a single- and tunable-frequency source is desired
in this work. To do this, multiple anodes has been utilized in a particular arrangement. Also,
stable oscillation can be observed by increasing the initial energy of injected electrons inside the
cavity. In this section, using CST particle studio software package that is dedicated to simulating
the structure, microwave radiation in a single-anode and multi-anode Orbitron MASER have been
examined through 3D simulation. Because the electromagneticwaves generated by charged particles
acceleration inherently need both Maxwell equations and Lorentz forces, they have to be considered
and solved simultaneously. Maxwell equations are required for electromagnetic wave computations
and Lorentz forces govern the electric and magnetic forces applied to charge particles. As a result,
the simulation method is based on 3D particle-in-cell (PIC) method, where Maxwell equations and
Lorentz forces can be solved numerically and simultaneously. Simulation parameters are set as
“Normal” for the background, “Open” for the boundary, and “Hexahedral” as the mesh type. Line
per wavelength, cell around the edge, cells per max model box edge are respectively set to 20, 4 and
30 in the mesh settings, altogether corresponding to total 365,940 mesh cells.

We use a discrete voltage port between the cathode and anode in the CST-Particle studio to
apply the anode voltage (1200V). Regarding space charge, the emission model of electron source
is “Explosive” with 60 particles located on the surface of electron source wire.

In the following, the output radiation of electromagnetic wave and the corresponding spectrum
for the single-anode and multi-anode OrbitronMASERs are obtained. Additionally, the distribution
of electric field and particles velocity in the proposed structure are investigated. Dependence of
output power on the anodes spacing for various potential differences and cylinder radii is also studied.

The microwave radiation detected by a waveguide port which is located on the top and bottom
of the cylinder is illustrated in figure 2(a) for single-anode Orbitron MASER. The radiated power
can be calculated based on Pabs = A2

mp/2, where Amp is the amplitude of normalized output signal
collected by waveguide port. The radii of cylinder and anode wire were chosen as 10mm and
75 µm, respectively. In addition, the 1 KV voltage was applied between the anode wire and the
outer shell of the cylinder (cathode), and the energy of injected electrons was set to 7 KeV.

As shown in figure 2(a), the stable oscillation can be observed after 150 ns at the output port.
In figure 2(b), the FFT (Fast Fourier Transform) spectrum of the output radiation is calculated.
According to this figure, the frequency of radiation is around 12.5 GHz. The output power of
microwave radiation has been estimated as 3 kW when the energy of injected electrons was 7 KeV.
By decreasing this energy, both the output power and frequency of radiation dropped, as shown in
figure 3.
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Figure 2. (a) Normalized output signal of single-anode Orbitron MASER when the applied initial energy of
particles is 7 KeV. (b) Corresponding FFT of (a).

Figure 3. The dependence of output power (blue solid line) and output radiation frequency (pink dashed
line) on the initial energy of electron emitter.

Output power, efficiency, and corresponding radiation frequency of single-anode Orbitron
MASER have been measured experimentally as 10 µW, less than 0.01% and around 2GHz, re-
spectively [21]. Simulation results for this structure are well-conformed with the measured values.
Contrary to prior works which had applied a hot filament for injecting electrons to the tube, we have
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Table 1. The parameters for Orbitron MASER.

The number of anodes R [mm] R0 [µm] Initial energy of electron [eV] V [kV] ∆V [V] L [mm]
single-anode 10 75 150 1 — —

3-anode in triangle arrangement 10 75 150 0.9 100 2
4-anode in square arrangement 10 75 150 0.6 200 2

6-anode in hexagonal arrangement 10 75 150 0.7 100 4

Figure 4. (a) Normalized output signal over time for single-anode Orbitron MASER when the initial energy
of electrons is 150 V. The inset demonstrates some periods of the oscillation. (b) Corresponding FFT of (a).
The parameters are listed in table 1.

used an electron emitter (like an electron gun) to this aim. The parameters of the single-anode Orbi-
tron MASER are listed in table 1. The normalized output microwave signal collected by waveguide
port and its corresponding FFT spectrum are depicted in figures 4(a) and 4(b), respectively. As one
can see in table 2, the calculated output power is about 3.2 mW, and the efficiency is 0.003%.

Previously stated in this paper, the output power has been enhanced by increasing the number
of anodes in a unique arrangement at cavity center. To do this, 3-anode Orbitron MASER has been
proposed in which the anodes are located at cylinder center as the vertices of a triangle. The anodes
spacing is L = 2mm and the initial voltage applied to the anode is 900 V; the voltage difference
between the anodes is set to 100 V (i.e., the voltage of anodes are 900 V, 1000 V, and 1100 V). In
this case, the output power of 15 mW with 0.004% efficiency has been observed with an oscillation
frequency equal to 10.55 GHz.
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Table 2. Characteristics of electromagnetic radiation for Orbitron MASER.

Number of anodes Frequency of radiation [GHz] Output power [mW] Efficiency %
simulation of single-anode [9] >2 0.01 0.002

single-anode 9.2 3.2 0.003
3-anode in triangle arrangement 10.55 15 0.004
4-anode in square arrangement 10 15 0.0045

6-anode in hexagonal arrangement 7.9 180 > 0.01

By locating 4 anodes in the vertices of a 2 mm × 2mm square at cavity center and applying
an initial voltage equal to 600 V with 200 V potential difference between the anodes, the output
power and the frequency of radiation were obtained the same as 3-anode Orbitron MASER, and the
efficiency was about 0.0045%. Structural parameters and the simulation results for each case are
listed in tables 1 and 2, respectively.

Figure 1(b) represents that 6 anodes are located at the vertices of a hexagon to enhance the
output radiation power. The anodes spacing, initial voltage of anodes and their potential difference
are respectively 4 mm, 700V, and 100V, as listed in table 1. The output microwave radiation of
6-anode Orbitron MASER and its FFT spectrum have been illustrated in figures 5(a) and 5(b),
respectively. Wave-particle power transfer (power transfer between electrons and electromagnetic
waves) for 6-anode Orbitron MASER has been depicted in figure 5(c) with its spectrum shown in
figure 5(d). This power transfer has some peaks same as the output radiations. A single-frequency
oscillation has been observed at 7.9 GHz. Also, the output power and efficiency have been calculated
as almost 180 mW and > 0.015% respectively, which are much higher than the previous studies.

In summary, figure 6 exhibits the spectrum of output radiation for single- anode, 3-anode,
4-anode, and 6-anode Orbitron MASERs. The electric field distribution inside the cavity for the
single-anode and 6-anode Orbitron MASERs are shown in figure 7(a) and b, where the energy of
injected electrons is 150 eV. Figure 7 depicts the electrical distribution of anodes with its maximum
around the anodes.

As described, the injected electrons inside the cavity are orbiting around the anode wires in
different orbits as a result of NMI theory. As in figure 8(a), the electron bunch is rotated around the
anode in a single-anode Orbitron MASER at t = 10, 60 and 70 ns, where the population inversion
happens naturally [19]. Besides, the rotation of electrons in 6-anode Orbitron MASER has been
depicted in figure 8(b) for different values of t = 2.4, 3, and 10 ns. It is clearly seen in figure 8
that the phase locking intensifies significantly when the number of anodes is increased, and the
particles rotate in bunches around the anode wires. The apparent phase locking around the anode
of the highest voltage is also increased in 6-anode Orbitron MASER, leading to enhancement of
output power. Accordingly, the position and the voltage applied to the anodes are the most critical
parameters for radiation power improvement [15, 22].

Furthermore, the velocity distribution of particles (β), defined as particle velocity per speed
of light has been shown in figures 9(a) and 9(b) for single-anode and 6-anode Orbitron MASERs,
respectively. The distribution of β for the particles in a single-anode structure has been estimated
around 0.01 to 0.02 (the distribution of particle velocity is about 3 × 106 to 6 × 106 m/s), and
the number of particles with lower speeds is much more than those with high speeds, as seen in
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Figure 5. (a) Normalized output signal of 6-anode Orbitron MASER when the potential difference between
the anodes is 100 V. The inset demonstrates some periods of oscillation. (b) Corresponding FFT of (a).
(c) wave-particle power transfer and (d) frequency spectrum of (c). The structural parameters are listed in
table 1.
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Figure 6. The FFT spectrum of normalized output signal for single-anode, 3-anode in triangle arrangement,
4-anode in square method and 6-anode in hexagonal arrangement Orbitron MASERs (6-anode amplitude
decreases ten times).

Figure 7. Electric field distribution inside (a) single-anode (b) 6-anode Orbitron MASERs in hexagonal
arrangement.

figure 9(a). Spatially-varying electric field distribution inside the cavity is created as a result of
potential difference applied to the anodes in a particular position, causing the particles to accelerate
in orbits. Thus, the single frequency and high power radiation can be observed due to particles
velocity increase. The distribution of β for 6-anode Orbitron MASER spans 0.01 to 0.06 interval,
equivalent to the velocity of 3× 106 to 1.8× 107 m/s. Comparing this figure with figure 9(a) reveals
that in addition to doubling the particle velocity, particle number distribution at various speeds,
especially at high values is very high. As shown in figure 9(b), phase bunching for 6-anode Orbitron
MASER occurs eight times along the tube at t = 6 ns. This phase bunching results in the radiation
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Figure 8. The distribution and orbiting of electrons for (a) single-anode and (b) 6-anode Orbitron MASERs.

Figure 9. The distribution of Beta for (a) single-anode, (b) 6-anode Orbitron MASERs at t = 6 ns,
(c) electrical field distribution for 6-anode Orbitron MASER at t=6ns with 7.82 GHz frequency, and (d)
distribution of space charge in 6 anodes by max of 0.0002 C/m3 and min of 0.002 C/m3.

of electromagnetic waves, as with figure 9(c). Figure 9(c) illustrates that electromagnetic radiations
occur proportional to 8-line phase bunching of electrons for 6-anode Orbitron MASER.

The oscillation output power and frequency can be enhanced as a result of particles velocity
increase so as to engineer the electric field distribution inside the cavity. With this in mind,
arrangement and applied voltages to the anodes have to be chosen appropriately to control the field
distribution around the anode wires. In this direction, the dependence of radiation output power and
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Figure 10. The dependence of (a) output power and (b) output radiation frequency on anodes spacing for
various applied potential differences between the anodes.

frequency on the anodes spacing and their potential difference in 6-anode Orbitron MASER have
been examined and depicted in figures 10(a) and 10(b), respectively. It is apparent from figure 9(a)
that for ∆V = 100V and L = 4mm, the maximum value of almost 180mW can be achieved for
output power with an efficiency more than 0.015%. Also, the corresponding radiation frequency is
nearly 8GHz.

Finally, the variation of cylinder radius has been studied for the optimal value of L and ∆V .
Based on eq. (2.1), the frequency of oscillation is slightly increased and the output power is
enhanced by decreasing the cylinder size. Figure 11 displays the effect of cylinder radius increase
for the optimum structure. This increase does not significantly impact the efficiency, frequency, and
output power.

4 Conclusion

In this paper, the improvement of oscillation output power and frequency for the Orbitron MASER
have been investigated. To do this, the number of anodes and their arrangement have been modified
to enhance the particles velocity and increase the phase locking between them by engineering the
electric field distribution. By changing the position of anodes and the applied voltage, the velocity
of particle bunches inside the cavity rises to 2 × 107 m/s. Subsequently, the microwave radiation
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Figure 11. The dependence of (a) output power and efficiency and (b) the output radiation frequency on
cylinder radius.

has been observed in single-frequency source with an oscillation frequency improvement from 2
GHz to 8 GHz; besides, the radiation output power has been enhanced to 185 mW in 6-anode
Orbitron MASER.
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