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Currently, there is limited research on the influence of gas ionization on the pulse
formation process in pulse power source-driven loads. This paper introduces a
road-field-Particle-In-Cell (PIC)/Monte Carlo Collision (MCC) collaborative
simulation method that can accurately simulate gas ionization in Linear
Transformer Driver (LTD) electron beam generation (EBG). The method
couples the electromagnetic field and charged particle simulated through
PIC/MCC with the circuit modules, and the load’s voltammetry characteristics
can real-time feedback to the Blumlein Pulse Forming Network (BPFN) of the
LTD. In contrast to prior simulations that used fitted ideal T-shaped pulse input
waveforms to model the load, this method provides a clearer depiction of the
influence of gas ionization on the pulse shape. Additionally, the paper conducts
simulation studies on LTD electron beam generator operating at different argon
gas pressures. The findings indicate that introducing gas can effectively increase
current while reducing voltage amplitude, thereby lowering the diode
impedance. A small amount of gas can slightly enhance peak power, but
excessive gas diminishes peak power and significantly shortens voltage pulse
width. This is attributed to the beneficial effect of a small amount of gas
ionization-produced plasma on the device. However, an excessive amount of
gas ionization-generated plasma can lead to impedance mismatch in the device,
even resulting in a load short circuit. This phenomenon causes a decrease in
pressure drop at the top, consequently shortening the pulse width.

road-field-PIC/MCC collaborative simulation method, linear transformer driver (LTD),
electron beam generation (EBG), gas ionization, Blumlein pulse forming network (BPFN)

1 Introduction

The linear transformer driver (LTD), first proposed by Russian scientists, is a new pulsed
power technology that has been widely used in many fields due to its high voltage and current
characteristics, such as Z pinch, ion implantation for material modifications, plasma physics, and
so on [1-9]. The principle behind LTD pulse formation involves generating a pulse of the desired
shape at low voltage using a linear transformer driver (LTD). Subsequently, voltage
multiplication techniques [10-14] are employed to increase its voltage by several orders of
magnitude. Ultimately, this voltage, generated by the LTDs, is used to drive various loads such as
high-power microwave devices, diodes, thereby exciting high-power microwaves or electron
beams. However, current research predominantly employs idealized T-shaped pulse input
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waveforms, fitted according to requirements, and then simulates the
high-power microwave devices or diodes based on these waveforms.
Nevertheless, in the experiments, a pulse power source is needed to
drive these devices. This involves complex physical processes, including
the generation and propagation of electromagnetic waves, electron
emission, and the production of high-power microwaves, among
others. Importantly, these processes are interrelated, with the pulse
power source influencing the microwave output of high-power
microwave devices or diodes, and the structural parameters and
voltammetry characteristics of the devices, in turn, affecting the
pulse power source. Thus, conducting research solely on high-power
microwave devices or diodes is insufficient to comprehensively capture
these complex and interconnected physical processes.

Furthermore, current research on high-power microwave
devices and diodes is largely conducted under vacuum
conditions. However, in practical applications, it is challenging to
maintain a perfect vacuum, and small amounts of residual gas often
remain. Some studies have indicated that filling an appropriate
amount of gas can affect the simulation of high-power
microwave devices or diodes [15-20]. This necessitates in-depth
research into the performance of high-power microwave devices or
diodes in the presence of gases. Additionally, many pulse power
applications require pulse signals with a stable voltage plateau,
especially in high-power microwave applications. To generate
such flat-top pulses, it is necessary to arrange LC components in
various configurations to create large-scale pulse forming circuits.
However, traditional full three-dimensional electromagnetic PIC/
MCC algorithms are insufficient for simulating large-scale circuits.
Therefore, there is an urgent need for a self-consistent road-field-
PIC/MCC method capable of simulating the aforementioned
complex physical processes.

This paper introduces a road-field-PIC/MCC simulation
method, wherein the PIC/MCC algorithm is coupled with circuit
modules. This coupling facilitates real-time feedback of the load’s
voltammetry characteristics into the circuit simulation module of
the pulse power source, resulting in more precise pulse waveforms.
This refinement enhances the overall device simulation’s fidelity to
practical scenarios. Building upon this foundation, a model is
developed for the LTD pulse power generation device. A foil-less
diode with ring cathode characteristics is integrated into the pulse
power generator. Subsequently, the road-field-PIC/MCC simulation
algorithm is employed to comprehensively simulate the entire
setup. By introducing argon gas at varying pressures, simulations
of the LTD pulse power electron beam generator under different
conditions are conducted. This investigation explores the impact of
gas ionization on pulse shaping in the LTD electron beam generator
and provides an analysis of relevant physical phenomena.

2 Theoretical basic

In order to achieve the road-field-PIC/MCC collaborative
simulation method, it is necessary to develop the circuit
simulation module and the PIC/MCC simulation module.
Subsequently, research on the collaborative coupling methods
between circuit module and PIC/MCC module is conducted. The
circuit modules are implemented based on the Modified nodal
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voltage method [21], as elucidated in detail in our previous work
[22]. The subsequent section provides an exhaustive exposition of
the implementation process for the PIC/MCC simulation module
and the road-field-PIC/MCC collaborative simulation module.

2.1 The fundamental theory of ionization
collisions

When the energy of the incident electron is greater than the
ionization threshold, the incident electron may ionize the neutral gas
molecule. The probability of ionization collision occurring, denoted
as P, is given by:

P=1-¢™" (1)

where d represents the distance traveled by the electron, S denotes
the ionization collision cross-section, and » stands for the density of
neutral gas molecules. In the ionization process, in addition to
providing the threshold energy for ionization, the remaining
energy of the incident electron is distributed among the scattered
electron and the newly created electrons due to ionization.
According to Ref. [23], the energy of the newly created electrons
due to ionization is:

E. —E.
E.pew = B(E;,.) tan| Rarc tan u)], (2)
[ < ZB(Einc)

where B(Ej,.) represents a known function [24] (e.g., for argon, B
(Einc) = 10 eV over a range of 1-70 eV), Ej,. denotes the incident
electron energy, and R is a uniformly distributed random number
between 0 and 1. Consequently, the scattered electron energy Eqq is
given by:

Ei — E;
Escat = Eine — Esn — B(Einc) tan[Rarc tan(ﬁ)], (3)

in Formula 3, E;;, represents the ionization threshold energy. The
velocity direction of the scattered electrons and newly generated
electrons after ionization can be determined using an elastic collision
model [23], resulting in:

4 Vine Vine _ .\ sinysin¢
7= cos x + xi| —4——

!
/

|V | |Vinc| |Vinc| Sil’l 6
Vi L sin y cos
+ mc X l >< mc X ¢ (4)
[Vine| [Vincl sin ¢

_ R
where cos y = ZE2(HE.

, E represents the electron’s energy, ¢ is a
uniformly distributed random number between [0, 27], and cos 6 =
Vine - i where i is the unit vector along the x-axis, vinc, and v/ are the
initial and final electron velocities, respectively. If E corresponds to
the energy of the scattered electron, then v' is the velocity of the
scattered electron. If E represents the energy of a newly generated
ionized electron, then v' is the velocity of the new electron. Since the
mass of ions is much greater than that of electrons, their velocities
remain nearly the same as the velocities of the gas molecules before
the collision. Consequently, the velocities of newly generated ions
follow the Maxwell distribution with respect to gas temperature.
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PIC/MCC basic algorithm flow chart.
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FIGURE 2
Theoretical framework for the fully coupled system of road-
field-particle collaborative simulation.

2.2 Road-field-PIC/MCC
collaborative method

Figure 1 depicts the fundamental workflow of the fully three-
dimensional electromagnetic PIC/MCC algorithm. In the traditional
electromagnetic PIC algorithms, the electric and magnetic fields are
updated using charge and current density. Subsequently, these fields are
used to calculate the forces acting on charged particles, leading to updates
in particle velocity and position information. This, in turn, updates the
charge and current density, creating a cyclic process. In the
electromagnetic PIC/MCC algorithm, an ionization collision module
is introduced between the particle velocity and position processing
module and the charge and current density processing module.
When the particle and gas collision probability given by Formula 1 is
satisfied, this module processes the ionization collision process based on
Eqs 2-4, generating new particles and further updating particle velocities.

Figure 2 illustrates the theoretical framework for the fully coupled
system of road-fifield-PIC/MCC collaborative simulation. From the
diagram, it is evident that the electric and magnetic fields serve as
bridges between the circuit module and the charged particle module. In
the circuitry, the connection nodes coupled with the PIC/MCC modules
are initially determined, and interactive excitation ports are constructed
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FIGURE 3

Integration approach of the circuit module with PIC/MCC.

within the PIC/MCC modules. At each time step of the collaborative
computation, the PIC/MCC module can be regarded as the load for the
circuit module, while the circuit module can be seen as the excitation
input source for the PIC/MCC module. The voltage V' calculated at the
circuit module connection nodes serves as the input condition for the
corresponding  excitation port within the PIC/MCC module.
Subsequently, the electric field E is determined based on the electric
field distribution at the excitation port and coupled into the
electromagnetic field. In contrast to electromagnetic field simulation,
the current in the PIC/MCC simulation is influenced not only by the
vacuum impedance of the devices but also by the motion of charged
particles generated through gas collision ionization. Charged particles
are propelled by the electromagnetic field, and conversely, the motion of
charged particles also affects the electromagnetic field. This, in turn,
impacts the current at the interaction excitation ports. By incorporating
this current into the circuit’s solution, the road-field-PIC/MCC
collaborative simulation can be effectively realized. Referring to
Norton’s equivalent circuit theory [25], the role of the PIC/MCC
grid on circuit devices can be summarized as its effect on the
magnetic field around the circuit devices, as depicted in Figure 3.
According to Ampere’s law, the equivalent current is:

I(t) = LFI(t) dL (5)
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FIGURE 4
Depicts a cross-sectional view of the pulsed particle beam generator

FIGURE 5
Illustrates the equivalent circuit of the Blumlein pulse
forming network.

where L represents the perimeter of the grid cross-section
surrounding the circuit component.

Generally speaking, the PIC/MCC time step is significantly smaller
than the time step of the circuit iteration. Furthermore, for the sake of
collaborative simulation, the circuit’s iteration time step naturally needs
to be the same as the PIC/MCC simulation’s time step.

3 Numerical simulation study

In the previous section, the theory and implementation process
of the road-field-PIC/MCC collaborative simulation method is
described in detail. Now, this methodology will be employed to
conduct a simulation study on the gas ionization within the LTD
pulsed electron beam generation device.

First, the LTD pulse EBG as shown in Figure 4 was
constructed. The device mainly consists of six linear
transformer driver (LTD) cavities, an insulator, and a diode
load. Each LTD cavity is composed of two Blumlein pulse
forming networks (BPFNs) in parallel through the laser-
triggered switch, along with corresponding magnetic coils,
and oil media. When each BPFN of the LTD cavity was
charged to 140 kV, the laser start operating via the control
signal, the laser triggered switches is closing, and then, six

LTD cavities discharge to the load (such as foil-less diode).
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FIGURE 6
[llustrates a cross-sectional view of a toroidal foilless diode.

Figure 5 shows the equivalent circuit of a compact BPFN, each
BPFN consists of 20 identical inductors (L1-L20) with a value of
84 nH, 20 identical capacitors (C1-C20) with a value of 0.85 nF,
switch SW1, the load resistance R1, and the additional
inductance of various wires and switches (L21-L22) is
175 nH, R2 is the additional resistance of roughly 0.01 Q.

When utilizing an n-section uniform network, the pulse width 7
and impedance Z are, respectively [26]:

7=2nVLC (6)
z=+L/C %)

where 7 is the number of stages (n = 10 in Figure 5), L is the inductor
of each stage, and C is the capacitor of each stage. According to Eq. 7,
the load resistance of each BPEN can be calculated as 20 Q. Each
LTD cavity includes two BPENs connected in parallel, and the
effective load resistance of each LTD cavity is 10 Q. With six
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LTDs in series, the entire device has an equivalent load of 60 Q.
Additionally, the magnetic coils are constructed from a magnetic
core material with a relative permeability y, of 1,000, and the
dielectric material has a relative permittivity ¢, of 2.5.

Figure 6 shows a schematic of the annular beam foil-less diode.
The grid spacing in the PIC/MCC simulation region is 0.5 mm in the
z-direction, 0.5 mm in the r-direction, and 1° in the ¢-direction.
According to Ref. [27], the convergence conditions for the FDTD
algorithm are as follows:

1 1
A<= — (8)

c 1, 1 , 1
Vartaztae

where c represents the speed of light, Ar denotes the unit length
in the R direction for the PIC/MCC algorithm’s cell, Az
represents the unit length in the Z direction for the PIC/MCC
algorithm’s cell, and Alg signifies the unit arc length in the ¢
direction for the PIC/MCC algorithm’s cell. To ensure
satisfaction of the convergence conditions for the PIC/MCC
algorithm, the time step size must be kept smaller than the
maximum value of At. According to Formula 8, We can
calculate that the maximum value of At is approximately
1.1785 e-12 s. In simulation computations, to ensure algorithm
convergence, it is generally required that the iteration time step
does not exceed the maximum value of At. In this paper, the total
iteration time is 360 e-9 s with 433,728 iterations, resulting in an
iteration time step of approximately 8.30 e-13 s. Consequently,
PIC/MCC
the algorithm.

inherently  guarantees the convergence of

In the collaborative simulation of the circuit-field-particle, the
time iteration step of the circuit is set to be the same as the PIC/MCC
simulation time step to achieve collaborative simulation goals.
Therefore, the PIC/MCC simulation time step At and the time
step h for the circuit module satisfy the condition At = h. Regarding
the convergence conditions for the enhanced nodal analysis
algorithm, they are outlined in Refs. [28, 29].

V" - V"' <RELTOL - max(V"',V") + ABSTOL 9)

where n represents the current time iteration step, n— 1 denotes
the previous time iteration step, RELTOL is the relative error
precision in the algorithm’s convergence parameters with a
default value of 0.005, and ABSTOL is the absolute error
precision in the algorithm’s convergence parameters with a
default value of 1e-6. In the enhanced nodal analysis
algorithm, during the linearization calculation of nonlinear
components in the circuit, linearization processing is
conducted based on the backward Euler equation [30].

The differential formula for the current and voltage on the
capacitor is as follows:
dv (t)

I =C-~—

(10)

where I (t) represents the instantaneous current flowing through the
capacitor, C stands for capacitance value, V (t) denotes the
instantaneous voltage across the capacitor, and (dV (¢))/dt
signifies the time derivative of the voltage across the capacitor.

Further linearizing the Formula 10 using the backward Euler
method and circuit theory yields:
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where h is the time step, and (C/h) can be considered as the
equivalent conductance Gegs Formula 11 can be written as:

h
Vi-vrl =S )I" 12
(&) 12
Substituting Eq. 12 into Eq. 9 yields:
h n n—1 n
C I"<0.005 * max (V" , V") +1le—6 (13)

Considering that the capacitance in LTD pulse power devices is
typically in the order of nanofarads (nF), as indicated in the
manuscript with a capacitance value of 0.85e-9F, and h
represents the time step, set to 8.30e-13s in this study,
substituting these values into the Eq. 13, we obtain:

0.000976471" < 0.005 * max (V" V") +le-6 (14)

Taking into account the discharge of capacitors in the circuit,
current flow through resistors and loads, there will inevitably be
energy losses. In extremely small time iteration steps, the
corresponding current is certainly smaller than the corresponding
voltage values. As indicated by the Eq. 14, this convergence
relationship is guaranteed to be satisfied. Therefore, the overall
algorithm convergence is fulfilled, and the algorithm is stable.

In [31, 32], the structure of the cathode and anode determines
the electric field distribution inside the diode, as well as its beam
characteristics and energy output efficiency of the diode. Taking
into account that the diode will generate an annular electron beam,
the thickness of the cathode ring cannot exceed the width of
the radial gap between the cathode and anode. Therefore, after
comprehensive consideration, § is set to 5mm, the radius of
the anode drift tube R, was 60 mm, the outer radius of the
cathode r; was set to 55 mm, the inner radius of the cathode r,
was set to 51 mm, and the guiding magnetic field B, was selected as
1.8 T, L, and L, represent the locations for voltage and current
measurements, respectively. The threshold for cathode explosive
emission is set at 150 kV/cm [33].

According to Ref. [22], with the same LTD driving conditions
and keeping the other dimensions of the diode unchanged, the
horizontal distance L,x between the cathode and anode of the
loaded diode is set to 36 mm, the entire device achieves impedance
matching, and exhibits higher electron energy output, the overall
simulation results closely align with experimental findings. As
mentioned earlier, the charging voltage for each stage capacitor is
140 kV, and considering losses, the actual input voltage for the diode
is approximately 810 kV. In the background of neutral argon gas, at
a gas pressure of 2 Pa, the simulated particle spatial distribution is
illustrated in Figure 7.

From Figure 7, it can be observed that, without considering gas
ionization breakdown, under the influence of the electric field, the
energy of electrons and Ar* jons are in the same order of magnitude.
However, the mass of Ar" ions is much greater than that of electrons,
the momentum of Ar" jons is significantly greater than that of
electrons. This implies that the cyclotron radius of Ar* ions is much
larger than that of the electron beam. The guiding magnetic field is
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A B
FIGURE 7
Particle spatial distribution chart (A) electrons; (B) Ar*.
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FIGURE 8
Voltage and current with different Argon gas pressures (A) voltage (B) current.

1.8 T, the cyclotron radius of Ar* ions is far larger than the thickness

of the electron beam. Consequently, the thickness of the Ar* ion

140 beam is greater than that of the electron beam, which aligns with
120 Figure 7. Moreover, with increasing gas pressure upon injection,
collisions become more intense, leading to a greater extent of particle

100 diffusion. However, the field’s constraint on electrons still surpasses

80 that on ions. In the background of argon gas within the range of

T 0.1-10 pa, the density varies from 6 e16 m~ to 2 e18 m~. This range
8 60 aligns with references [34-36], where the density of plasma
E 40 generated by collisions between relativistic electron beams and
background gases falls within a crucial range, changing within

20 the range of 1lel5m™ to 2el8m™. According to reference,

0 plasma within this range has a significant impact on the power
output of microwave devices. In the backdrop of neutral argon gas

-20 | | | ‘ | ranging from 0.1 to 10 Pa, the total energy of electrons fluctuates
100 150 200 250 300 within the range of 4.15e5eV to 3 e5eV, and it diminishes with

t/(ns) increasing pressure. The recorded electron energy encompasses both

FIGURE 9 low-energy and high-energy electrons. In the neutral argon gas

Impedance of the diode filled with argon gas at
different pressures
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background ranging from 0.1 to 10 Pa, the ion energy fluctuates
within the range of 1.8eV-0.25eV, and it decreases as the
pressure increases.
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TABLE 1 Voltage pulse width under different gas pressures.

Ar/(Pa)

Pulse width/(ns)

Half-pulse width 191.1 189 188.2 186.1 184.9 183.4 182.6 172.4 160 119.5
Pulse peak width 83.0 81.9 80.8 ‘ 79.6 ‘ 79.1 78.9 77.5 76.5 ‘ 60.2 ‘ 57.4
A B
10 ; ; ; . : .
_ 9.5
)
< z
= Q
) =
= 5
2 z 0
L 2
St
g E
= 5
= ~ 85
1 | ! I ! ! I 8 | | L | i ;
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FIGURE 10
Relationship between diode performance and different argon gas pressures (A) beam current, (B) peak power.

Subsequently, simulations were conducted on the pulsed power  current, ultimately resulting in a decrease in impedance as the gas
electron beam generator under varying levels of argon gas infusion,  pressure increases. This impedance reduction, in turn, leads to an
the voltage and current were measured as illustrated in Figure 8. From  overall impedance mismatch within the system. On one hand,
Figure 8A, the voltage amplitude gradually decreased with the increase ~ this characteristic of decreased impedance feeds back into the
of the pressure of filled argon, and the greater the pressure of argon, ~ Blumlein pulse forming network (BPFN) within the Linear
the more drastic the decline in amplitude. Figure 8B demonstrates that ~ Transformer Driver (LTD). On the other hand, due to the
the quality of the current decreases as the pressure increases after ~ impedance mismatch, electromagnetic wave reflections occur, with
argon is filled. Utilizing the measured voltage and current, impedance  the reflected waves superimposing upon the waveforms generated
was computed, as depicted in Figure 9, and in the presence of argon by the LTD. Consequently, based on these two aspects, the reduced
gas at a pressure of 8-12Pa, there are minor peaks observed. load impedance leads to a decrease in the measured voltage,
However, due to the influence of the plasma, the pulse width of  and the superimposition of reflected waves with the LTD-generated
the output waveform decreases, and the small peaks shift forward, =~ waveforms exacerbates the reduction in voltage amplitude.
becoming less conspicuous. According to Refs. [15, 37], this is because ~ Furthermore, with the increasing gas pressure infusion, within the
the quality of the electron beam is contingent upon the quality of  range of 2-12 Pa, the voltage waveform exhibits a phenomenon of
the voltage waveform. In previous studies, high-power microwave  apex reduction. This phenomenon arises from intensified plasma
devices and diodes were typically subjected to fitting ideal and stable  collisions, exacerbating the impedance mismatch and thereby
voltage output waveforms, neglecting the influence of load  affecting the stable and smooth apex of the pulse waveform.
characteristics, plasma collisions, and other physical phenomena According to the literature [26], the pulse width should be calculated
on the output waveform of the front-end pulse. Figure 8 reiterates  based on Formula 6, and it can be seen that the pulse width is only
that when driving the load with a pulse power source, there isa mutual  related to the capacitance and inductance values as well as the number of
influence between the load and the pulse generator. stages in the BPEN pulse network circuit. However, from the voltage

According to Refs. [22, 38], under vacuum conditions, the = waveform and Table 1, it can be observed that both the half-width and
impedance of the diode is 60 Q when it is stable, and the entire  full-width of the pulse waveform decrease. Additionally, at higher argon
device is in the impedance matching state. However, upon the  gas pressures, the pulse width decreases more rapidly. This is because
introduction of argon gas, the impedance decreases with the  collisions between electrons and gas produce charged particles. As
increasing gas pressure due to electron collisions with argon atoms,  simulation time increases, collisions intensify, and the charged
thereby impacting the quality of the electron beam and resulting ina  particles form a plasma that fills the cavity of the foil-less diode. This
reduction in voltage, as gas infusion continues, the collision-generated ~ plasma has electrical conductivity, causing the diode anode and cathode
charged particles increase, leading to an augmentation in the measured ~ to enter a conductive state, equivalent to a load approaching a short
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circuit. This process leads to a decrease in the measured voltage
amplitude, which is the reason for the reduction in pulse width.
Furthermore, as the gas pressure increases, for instance, within the
range of 2-12 Pa, the voltage waveform exhibits a phenomenon where
the top is lowered. This occurs because intensified plasma collisions
result in impedance mismatch, thereby affecting the stability and
smoothness of the waveform’s peak.

In addition, the relationship between the diode electron beam
current and peak power with argon gas pressure was also recorded,
as shown in Figure 10A the horizontal axis represents the argon gas
pressure value. The charged particles generated by electron-ionization of
the gas help neutralize the space charge effect of the electron beam, which
aids in breaking the constraint imposed by space charge limitations and
effectively increases the current magnitude [19]. Figure 10A confirms
this phenomenon by showing that the current increases with increasing
argon gas pressure, consistent with the experiment in Ref. [20].
Figure 10B illustrates the relationship between peak power and
pressure, demonstrating that when a small amount of argon gas is
filled, the peak power slightly increases with pressure. This is because the
plasma generated by the ionization of a small amount of argon gas can
improve both the electron beam quality and current magnitude.
However, when an excessive amount of argon gas is filled, intense
collisions lead to a decrease in electron beam quality, resulting in a
reduction in power, Upon the infusion of argon gas at a pressure range of
6-10 Pa, the diode’s peak power gradually diminishes.

4 Conclusion

This study investigated an improved nodal analysis method and a
PIC/MCC simulation method, developing a self-consistent simulation
approach for gas ionization in pulsed power electron beam generators
the Circuit-Field-PIC/MCC simulation method. Using this method,
simulations were conducted on a pulsed power electron beam
generator under different argon gas pressures. The results revealed
that filling the gas could effectively increase the current magnitude
while reducing the voltage amplitude, subsequently lowering the
impedance of the diode. In addition, a small amount of gas could
increase the peak power, but excessive gas led to a decrease in peak
power. There was also a noticeable reduction in pulse width, which was
related to the plasma formed by particle-gas collisions. As the load
impedance decreased, even approaching a short-circuit condition, it
reduced the measured voltage amplitude and consequently caused
changes in the pulse width. Furthermore, a top voltage drop
phenomenon occurred due to the impedance mismatch caused by
the plasma generated from particle-gas collisions. These findings
provide valuable insights for future comprehensive simulations of
high-power microwave devices driven by pulsed power sources.
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