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Abstract: In this work, a Spindt cold cathode electron gun with a PPM (periodic permanent magnet)
focusing system for a terahertz TWT (traveling wave tube) was designed and simulated based on
the Pierce electron gun structure. More specifically, a new 3D (three dimensional) emission model
was used, where the cathode radius of the electron gun was 1 mm and the cathode current was
30 mA, with an emitting half angle of about 28◦. It was demonstrated that the electron beam was well
focused with an electron beam radius of 0.3 mm and a filling ratio of 0.5 when the maximum value
of the PPM field along with the axis was 0.122T. According to the simulation results, a planar cold
cathode electron gun was developed. Measurements demonstrated that the I/V characteristics of the
cold cathode gun were consistent with that of a cold cathode, revealing that the electrons emitted
from the cathode are not intercepted when passing through the electron gun.

Keywords: Opera-3D; Spindt cold cathode; electron gun; periodic permanent magnet; terahertz
traveling wave tube

1. Introduction

High-frequency vacuum devices have received considerable attention from the scien-
tific community owing to their promising applications in various applications, including
broadband communication, radar, medical imaging, and so on [1–3]. In particular, a vac-
uum device for radar consists of an electron gun assembly with a cathode, a slow wave
structure (SWS) with both an output and input coupler, a magnetic field system, and a
collector. For terahertz TWTs, electron guns have to emit a sufficient number of electrons to
amplify terahertz signals. In addition, Spindt cold cathodes have a high current density
emission, long lifetime, and low operating voltage, which render them an attractive candi-
date for fabricating thermionic emitters for terahertz vacuum devices [4,5]. In addition, the
modulation of the input signals with gated cathodes at microwave frequencies directly al-
lows for the development of current density-modulated electron beams, thus resulting in a
significant reduction in the length of linear beam devices, as well as the volume and weight
of terahertz TWTs [6,7]. Terahertz TWTs operating in the modulated or unmodulated mode
exhibit greatly expanded I/V operation space over that of a thermionic TWT. However, the
Spindt cold cathode consists of Mo tips, which exhibit some undesirable features [8,9]. Elec-
trons emitted from a tip have divergences of up to 28◦ and can easily bombard electrodes,
such as anode electrodes. In addition, unlike the thermionic cathode, the surface of the
FEA (field emitting array) cathode is flat, not spherical. Thus, the generated space charge
force created by the high current density induces the divergence of the electron beam.
Another critical issue that needs to be addressed is the ion back-bombardment. Due to the
ionization of the residual gas in the TWT, ions are produced that interact with the electric
field and are accelerated by the application of the large negative voltage at the cathode
surface. Afterward, these ions bombard the surfaces of the Mo tips with sufficient energy.

Electronics 2023, 12, 4197. https://doi.org/10.3390/electronics12204197 https://www.mdpi.com/journal/electronics

https://doi.org/10.3390/electronics12204197
https://doi.org/10.3390/electronics12204197
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://orcid.org/0000-0002-3353-5613
https://orcid.org/0000-0002-9474-8604
https://doi.org/10.3390/electronics12204197
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/article/10.3390/electronics12204197?type=check_update&version=1


Electronics 2023, 12, 4197 2 of 11

As a result, they will be damaged and the electron emissions at the damaged surfaces may
possibly be suppressed.

Although the application of FEA (field emitters array) cold cathodes in TWTs faces
many problems, this issue has still been investigated in the literature. Whaley et al. used
the MAGIC software package to design a cold cathode electron gun with current values
of 0 < I < 0.15 A. The authors incorporated a PPM-focused system and achieved circuit
efficiencies of 50% for the minimal bunching of average-to-peak current ratios of 0.7–0.9 [6].
Moreover, NEC also designed an electron gun with excellent focusing performance. The
flow rate of the TWT was 99.3% at an electron injection current of 56 mA, and the output
power was 28.2 W at a center frequency of 11.5 GHz with an efficiency of 10% [10]. Under
certain conditions, the geometry of the Pierce electron gun can be used to focus the electron
beams of the planar cathodes. In the investigations described above, the larger thermionic
emitters were used to replace FEA emitters to simulate electron gun geometry for focusing
and confining FEA-generated electron beams without considering the perpendicular veloc-
ities of the electrons. In this work, a new 3D computational model was used to optimize
the cold cathode electron gun and the PPM structures applied in the TWT to effectively
overcome the initial transverse velocity of the emitted electrons and form a laminar and
parallel electron beam.

2. Theoretical Design

Whaley et al. [6] have directly placed a planar cold cathode into a Pierce electron gun
instead of a convergent thermionic cathode and studied the focusing and confinement
effect of an electron beam generated by the cold cathode. From the acquired experimental
results, it can be seen that Pierce electron guns can focus an electron beam well, even at
low current densities. Once the current density exceeded a certain threshold, the electron
beam scattered and bombarded the anodes or tube walls. At 40 mA, the electron beam
started to expand due to space charge forces. Next, at 100 mA, the electron beam exhibited
zero transmission and clearly demonstrated the need for the development of a new type
of cold cathode electron gun. The electron current of the electron gun in this work was
30 mA. From the above-mentioned analysis, it can be inferred that the geometry of the
Pierce electron gun can be used for focusing the cold cathode electron gun on the low
emitted electron current.

Based on the Pierce electron gun geometry and the PPM system, each dimension and
parameter of the electron gun and the PPM stacks were thoroughly designed and optimized
to acceptably obtain the focusing of the electron beam, including positions, shape, and
applied voltages of each electrode, as well as the amplitude of the PPM magnetic field. On
this basis, the variation of the electron beam parameters was examined and the relationship
between the electron beam focusing characteristics, the operating current, and the variation
of the magnetic field amplitude was investigated.

2.1. Cold Cathode

The Spindt cold cathode essentially consisted of Mo (Molybdenum) emitters, a Mo
gate film, a SiO2 (Silicon Dioxide) layer, and a Si (Silicon) wafer, shown in Figure 1. The
Mo gate film had holes of 1 µm in diameter in it, through which cavities were etched into
the SiO2 layer with the thickness of 0.6 µm. Mo emitters with heights of 0.9 µm were
deposited into the cavities via electron beam evaporation. The Spindt cold cathode used
in the terahertz TWT consisted of 13,000 Mo emitting tips arranged in a circular area of
0.6 mm in diameter, shown in Figure 1 [11]. The emitter can be modeled as a hemisphere
with a radius of 25 nm centered at the apex of a cone, as shown in Figure 2. The field
emission current can be derived from the Fowler–Nordheim equation as a function of the
applied electric field at the emitting surface [4,12].

J =
AE2

φt2(y)
exp

(
−B

φ3/2

E
v(y)

)
(1)
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where A and B are the approximate Fowler–Nordheim constants, A = 1.5 × 10−6,
B = 6.87 × 107, t(y) and v(y) are elliptical functions of the variable y = 3.79 × 10−4E1/2/φ,
E is the electric field at the emitting surface in V/cm, J denotes the emission current density
in A/cm2, φ refers to the material work function in eV, and y stands for the Schottky
lowering of the work function barrier.

Figure 1. SEM (scanning electron microscope) image of a Spindt cold cathode consisting of Mo tips.
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Figure 2. Schematic representation of a Mo emitter, where θ is the angle of the symmetry axis to the
cone emitter.

The total emitting current from a single-tip emitter is obtained through the following
expression:

I(V) = αJ[E(V)] (2)

where α is the effective emitting area. The effective emitting area can be defined by an
emitting half angle (θ), where the electric field has reduced by 10% [4] and where θ is the
angle of the symmetry axis to the cone emitter, as shown in Figure 2.

The electric field E(θ), where θ represents the emitting half angle, can be written as
follows [13–16]:

E(θ) = E0/
(

1 +
f 2(θ)

tan2(θ)

)1/2

(3)

f (θ) = 1 ±
√

1 + 2tan2(θ) − : θ ≤ 90◦;+ : θ ≥ 90◦

where E0 is the electric field at the apex of the Mo tip.
According to Equation (3), the variation of the electric field (E(θ)) with the emitting

half angle (θ) is plotted in Figure 3. As can be observed, at the emitting half angle of about
28◦, E(θ) was decreased by 10% from the value (E0) at the apex, while J was reduced by
about 90%, which is consistent with the experimental outcomes.
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Figure 3. Variation of the electric field E(θ) with the emitting half angle θ.

In order to understand the field distribution along the emitter and electron trajectories,
the Spindt field emitting arrays cathode in the triode mode was also simulated using
Opera-3D [17–19]. The apex of the emitter is approximated by a hemisphere with a radius
of 25 nm. The collector electrode was placed 0.2 mm above the FEA cathode along the Y
axis. As the boundary conditions, the electrical potential of emitters, Mo gate electrodes,
and the collector were 0 V, 140 V, and 200 V. Figure 4 exhibits emitting electron trajectories
from emitters. As can be seen in Figure 4, the electron trajectories cross each other. The
electron trajectories exhibited an emitting half angle of about 28◦ from each emitting point,
which was a challenge for the design of the electron gun. The initial velocity of electrons at
the edge was accelerated by the gate, and thus the electron beam was more difficulty to be
focused by an electric field produced through the focusing electrode in the gun.
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2.2. PPM-Focusing System

The electron beam emitted from the cathode passes through the focusing pole and the
anode hole and continues on its way into the interaction region of the traveling wave tube.
In the interaction region, the electron beam is only subjected to the space charge force. If
there is no external force, the electron beam will diverge. In terahertz traveling wave tubes,
a PPM-focusing system is usually used to constrain the electron beam to ensure that the
electron beam is stable without divergence. The PPM system consists of a series of magnetic
rings arranged with pole shoes separating the rings from each other. The magnetic rings
are made of special samarium cobalt permanent magnets, and the pole shoes are composed
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of pure iron. Adjacent magnetic rings are polarized in opposite directions, resulting in a
periodic magnetic field change in axial line, as shown in Figure 5.
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Figure 6 depicts the model of a PPM-focusing magnetic field period. The TOSCA
module in Opera-3D was also used to calculate the static magnetic field, which can be used
to calculate the current, electrostatic, and static magnetic fields including the impact of the
three-dimensional nonlinear medium.
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2.3. Design and Parameters

For the Spindt cold cathode electron gun design, the 3D electromagnetic analysis
software Opera-3D was used to simulate the characteristics of the electron gun. Figure 7
displays a simulated electron gun model, consisting of a planar cold cathode, a focusing
electrode, and an anode. The shape of the Spindt cold cathode was set as a plane. The
position and the size of the focusing electrode and anode were initially determined via the-
oretical calculations and then optimized through simulations to achieve the well-focusing
electron beam. The voltages of the emitters, the gate, the focusing electrode, and the anode
were set to 0, 150, 200, and 5000 V. Figure 8a shows the plot of the electron beam trajectory
in the electron gun region without the PPM magnetic field, with an operating current of
30 mA. As can be observed from Figure 8a, the focusing electrode achieved a good focus
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on the electron beam. Clearly, no trajectory crossover was detected, and the electron beam
had good laminar flow. The distance from the beam waist to the cathode-emitting surface
was about 3 mm. An enlarged view of the electron trajectory at each emitting point on
the cathode-emitting surface is depicted in Figure 8b. Each emitting point is equivalent
to an actual emitter, because the actual emitter is too small and numerous to be simulated
with the electron gun. The cathode-emitting surface was meshed to generate 5000 grids in
simulation, and each grid was defined as an emitting point. Thus, a total of 5000 emitting
points were defined, i.e., 5000 emitting points instead of the actual 11,300 emitters. Of
course, the cold cathode-emitting surface can be divided into more grids, i.e., define more
emitting points, which depends on the conditions of the simulation calculation. In addition
to the above, this new 3D emitting model can also simulate electron divergences of up to
28◦ at the emitting surface, which validate the fact that the simulations assume the actual
electron trajectories, thus yielding better experimental results.

Figure 7. A model of the cold cathode electron gun consisting of a planar cold cathode, a gate, a
focusing electrode, and an anode.
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Figure 9 illustrates the distribution diagram of the equal charge density of the electron
beam cross-section at the beam waist, i.e., Z = 3 mm. As seen in Figure 9, the beam radius
was about 0.32 mm. Different colors indicated different current densities. The concentric
circles in the outer layer indicated that the electron beam did not cross each other, exhibiting
good beam laminarity. Since the anode was short and the current density was small, the
space charge effect was not obvious and the electron beam was well focused in the electron
gun region, which ensured that the electrons were incident into the interaction region of
the electron gun with a small transverse velocity.
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The model of a PPM-focusing system applied in the terahertz TWT is shown in
Figure 10. As can be observed in Figure 10a, the peak value of the magnetic field was 0.16 T.
Figure 10b depicts the vector distribution of the magnetic field for one PPM period.

The calculated magnetic field produced by the PPM period was applied to the interac-
tion region of the terahertz TWT, and the electron beam under the action of the magnetic
field is displayed in Figure 11. As can be seen from Figure 11a, the electron beam di-
verged in the interaction region, and the PPM-focusing system cannot focus easily on the
electron beam. Varying the magnetic field on the central axis, the magnetic field peaking
at 0.141 T and 0.122 T on the central axis were applied to the electron beam interaction
region, respectively, resulting thus in the electron beam trajectories shown in Figure 11b,c.
Compared with the electron beam shown in Figure 11a, the electron beam focusing in
Figure 11b was effectively improved, but there was still a significant divergence at the
interaction exit. When the axial magnetic field Bz was reduced to 0.122 T, the electron beam
trajectories were even without divergence at the interaction exit. From the comparative
analysis of the above results, it could be argued that when the peak Bz was 0.122 T, the
electron injection advanced evenly behind the beam waist and the radius of the electron
beam was about 0.3 mm. Figure 12 shows the equal charge density distribution of the
electron beam cross-section at z = 15 mm. As can be seen in Figure 12, the outer electron
laminarity was good and the inner electrons partially crossed.
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Figure 12. Distribution diagram of the equal charge density of the electron beam cross-section at the
beam waist.

It also can also be seen that by adjusting the PPM-focusing magnetic field, a good
focusing of the electron beam with a waist radius of 0.3 mm can be achieved at a working
current of 30 mA, and the electron beam filling ratio was 0.5. For the design of small and
medium power terahertz TWT, the electron beam filling ratio r/a was selected between 0.5
and 0.75. Table 1 lists the operating parameters of the electron gun and calculated results.

Table 1. The operating parameters of the electron gun.

Parameter Value

Operating current 30 mA
Gate voltage 150 V
Focusing electrode voltage 200 V
Anode voltage 5000 V
Peak value of the PPM magnetic field 0.122 T
Waist radius 0.3 mm
Electron beam filling ratio 0.5

3. Experimental Results

Based on the simulation described above, a planar cold cathode electron gun was
developed, as shown in Figure 13, including the cathode, the focusing electrode, and the
anode. The focusing electrode and anode were assembled together through hydrogen
welding at 750 ◦C, and the FEA cathode was spot-welded to the component; however, the
emitters of the cathode were easily damaged in the spot-welding process. To perform the
measurements, the electron gun was connected to the measurement fixture in a vacuum
chamber with a pressure of 1.4 × 10−6 Pa. A planar electrode was used as a collector to
collect electrons emitted from the anode hole, which was set 5 mm in front of the gun. The
voltages of the focusing electrode and the anode were set at 200 V (dc) and 5000 V (dc),
respectively. The cathode emission current (mA) as a function of the gate voltage (V) was
measured when the gate voltage was changed from 10 V to 140 V, as shown in Figure 14. In
Figure 14, it can be seen that the I/V characteristics of the cold cathode gun were consistent
with the cold cathode. Measurements reveal that the emission performance of the cold
cathode was stable and that the electrons were not intercepted when passing through the
electron gun, which is consistent with simulation results.
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Figure 14. Electron emission characteristics of the cold electron gun.

4. Conclusions and Perspectives

In this article, we studied a new 3D simulation of a cold cathode electron gun with
electron divergences of up to 28◦ at the emitting surface. Based on the geometry of the
Pierce electron gun, a planar cold cathode electron gun with a cathode surface of 0.6 mm
and an operating current of 30 mA was designed and jointly simulated through the PPM
magnetic system. The simulated results demonstrate that a good laminarity of the electron
beam with a waist radius of 0.3 mm can be attained, whereas the electron–filling ratio was
0.5. A planar cold cathode electron gun was developed and measured in a vacuum chamber.
The measurement results show that the cold cathode was in good working condition, and
additionally, the electrons were not intercepted when passing through the electron gun,
which is consistent with simulation results.
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