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Development and Test of a 500-kV Compact Marx
Generator Operating at 100-Hz PRF

Laurent Ariztia , Alexey Zhabin , Ivan Lavrinovich , Member, IEEE, Antoine Silvestre de Ferron ,

Marc Rivaletto , Bucur M. Novac , Senior Member, IEEE,
and Laurent Pecastaing, Senior Member, IEEE

Abstract— This article presents the electrical and mechanical
design of a compact 13-stage 0.5-MV Marx generator operating at
a pulse repetition frequency (PRF) of 100 Hz. The fast-switching
process of the generator is based on spark gaps, operated under
pressurized air and leading to the generation of an output
pulsed voltage with a peak of 0.5 MV and a rise time of 15 ns
when operated on a 300-� load. Corona-stabilized electrodes
are installed near the main gap of the switches to improve
their operational stability and increase the PRF. To ensure
compactness, the Marx generator is housed in a cylindrical metal
vessel with a height of 92 cm and an outer diameter of 34 cm,
having a total volume of 74 L. A highly accurate simulation using
both PSpice and CST software packages was used to predict the
impulse waveform at the output of the generator and to help in
optimizing the generator design. The tests show a good agreement
between the experimental data and the theoretical predictions.

Index Terms— Corona-stabilized switches, Marx generator,
pulsed power systems, spark gap switch (SGS).

I. INTRODUCTION

THE conventional Marx generator is recognized as a
reliable high-voltage (HV) pulsed power generator, used

as a workhorse for many applications over the last decades.
However, the significant weight and volume of this type of
pulsed HV source limit its application in numerous fields,
such as pollution control [1], medical applications [2], or food
processing [3]. Usually, such units are too heavy and bulky
to be used as a portable pulsed power source [4]. There-
fore, the existing interest in low-size generators has attracted
more and more attention to the issue of the compact Marx
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generator design [5]–[17]. Moreover, due to the nature of
the abovementioned applications, the generator must have
a high pulse repetition frequency (PRF) of at least several
tens of hertz to perform an efficient operation. Therefore, the
design of modern Marx generators tries downsizing the volume
and increasing its PRF, along with facilitating an easy field
operation and maintenance. However, fulfillment of all these
requirements within one design is not a trivial task, and it
requires the application of special mechanical and electrical
design considerations.

This article describes the design of a modern, compact,
and high PRF 0.5-MV pulsed power Marx generator. Design
features are presented in Section II that allow to minimize the
volume of the Marx generator and to ensure its stable operation
while maintaining its compactness. Section III introduces the
details of the highly accurate numerical simulation to predict
the performance of the generator, as well as the experimental
arrangement, results obtained from the tests, and their compar-
ison with the theoretical predictions. A comparative analysis
of the present generator with similar units presented in the
literature is presented in Section IV. Finally, a brief section is
dedicated to the main conclusions.

II. MARX DESIGN

The Marx generator is one of the basic circuits used for
the generation of fast HV impulses. Using the same principle
of operation (i.e., parallel charging of capacitors, followed by
series discharge), this type of generator can be implemented in
various ways: externally triggered or self-triggered, based on
very different types of switches [semiconductor or spark gap
switches (SGSs)], and finally without housing or with housing
filled with dielectric materials, such as oil and/or gas under
high pressure.

The mechanical design of the present Marx generator is
shown in Fig. 1 and, to avoid an electric field enhance-
ment near sharp edges of the conductive parts, is based
on a straight coaxial topology that, for reasons discussed
below, and also limits the overall size of the generator. More
importantly, during the Marx generator discharge phase, this
simpler arrangement makes it easier for the charge to transit
between stages, from one block of capacitors to another.
Electrostatic simulations were carried out using CST Studio
Suite software [18] to calculate the electric field between the
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Fig. 1. Mechanical design of the Marx generator. (a) Cross section. (b) View
from below.

various parts raised to HV and the grounded metallic housing.
The geometrical dimensions of these elements have been
chosen to ensure that the electric field is below the breakdown
value of the air. This value is calculated by the formula [19]:
Ebr = 24.5 p + 6.7(p/Reff)

0.5, where p is a pressure in bars
and Reff is a coefficient taking the value 0.23 for the cylindrical
shape electrodes. Ebr equals 195 kV/cm for the pressure of
6.5 bars required to generate a 500-kV impulse.

The cylindrical housing of the Marx generator is represented
by a thick stainless-steel cylinder, with an external and internal
diameters of 340 and 317 mm, respectively, and a height of
920 mm corresponding to a volume of 74 L. Two heavy
lids, also made of stainless steel, are installed at the two
ends to allow pressurizing the volume up to seven bars. The
bottom lid has service access ports for a pneumatic input
and output to control the pressure and for an HV charging
cable that uses an Essex bespoke HV connector. The Marx
is charged with a positive polarity voltage. A cylindrical
dielectric piece of polyethylene is installed in a socket of the
upper lid to avoid a breakdown between the HV output and the
grounded metallic housing. Its dimensions were very carefully
determined for avoiding surface flashover, with a dedicated
study being presented elsewhere [20].

As can be seen from Fig. 1, no additional insulating support
is used in the mechanical assembly of the Marx generator.
The self-supporting structure of the generator has a significant
advantage in terms of reliability, as it not only minimizes
the risks of losses due to surface electric flashover but also
simplifies servicing and reduces the overall weight.

A. Discussion on Straight Coaxial and Zigzag Topologies

The two most common topologies for the stage arrangement
of a Marx generator, straight and zigzag [5], are illustrated
in Fig. 2, with both topologies having cylindrical geometry.
As can be seen from the figure, the generator with the straight
coaxial topology is slightly longer, due to the way the elec-
trodes of the SGSs are mounted. However, since two columns

Fig. 2. Possible topologies for mounting the Marx generator’s stages.
(a) Forming a straight coaxial with the outer housing. (b) Zigzag mounted
inside a cylindrical housing. For simplicity, only the discharge column of
inductors is shown.

of stages need to be installed within the zigzag topology,
the radius of the cylindrical housing increases significantly
in comparison with the straight coaxial topology. Related to
Fig. 2(a), for the straight topology, the radius of the housing
R is the sum of the radius of the stage r and the diameter of
the inductor 2Rind and two times Ds , where Ds is the distance
between the inductor column and both the stage body and
housing. Related to Fig. 2(b), for the zigzag topology, the
radius of the housing R is the sum of 2r , the distance between
a stage and the housing Dz and a half of the intercolumn
distance dc. To reduce the size of the generator, the charging
and discharging columns of inductors can be isolated with a
dielectric coating, covered with a silicon compound or casted
into epoxy resin. In this way, the distance Ds between the
columns and the housing can be taken much shorter than the
distance Dz between a stage and the housing (see Fig. 2).

When mounted in straight coaxial topology, the SGSs
have less parasitic inductance than when mounted in zigzag
topology. This both reduces the switching time and the rise
time of the generated voltage impulse.

The important advantage of the zigzag topology is that the
ultraviolet light generated by the first stage SGSs facilitates the
switching of the later ones, i.e., the SGSs “see” each other.
In the design of the present compact Marx generator, this fea-
ture has been sacrificed to maintain a small volume. Therefore,
for the stable operation of the generator, it was necessary to
implement in the SGSs a supplementary technique: a corona-
stabilized electrode.

B. Single-Stage Design

The efficient operation of a Marx generator is dependent
on the proper closing of all SGSs. In the present design,
SGSs use pressurized air, with the electrodes made of stainless
steel with their hemispherical geometry having a diameter of
22 mm. The interelectrode gap distance for the first SGS is
only d1 = 2 mm, the short gap allowing the generation of a
quasi-uniform electric field between the electrodes. A single-
stage design, showing the distribution of the interelectrode
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Fig. 3. Cross section of a single-stage. (a) Overall view showing the
interelectrode electric field distribution. (b) Details of the corona-stabilized
electrode design.

field, is presented in Fig. 3(a). The electrostatic simulation
is obtained using the CST software [18]. The difference in
potential between the electrodes considered in the numerical
simulation is equal to the self-breakdown voltage (i.e., 7.6 kV)
of the main interelectrode gap at a pressure of 1 bar. The
quasi-uniform electric field allows the SGS to operate at a high
breakdown voltage and to better distribute the erosion across
the surface of its electrodes. The short gap also reduces the
characteristic resistance and inductance during operation and
improves the closing time.

The SGS interelectrode gap distance of all the other stages
is larger to ensure their sequential switching. When mounted,
the interelectrode SGS gaps di increase according to di =
d1 + δ + γ · (i − 1), where δ = 0.7 mm, γ = 0.1 mm, and
i = 2, 3, . . . , 13. The distance δ was added to make sure that
the first SGS closes first.

Each stage consists of three parallel-mounted 1300-pF
capacitors, each having a maximum charging voltage of 50 kV.
These compact capacitors have low inductance (100 nH) due
to their ceramic structure (strontium titanate). When fully
erected, the 13-stage Marx generator has a self-inductance
of approximately 815 nH and an equivalent capacitance of
300 pF. The precise interelectrode distance is obtained using a
polyvinyl chloride (PVC) separation cylinder with a dielectric
constant of 2.7 and with holes drilled into it for allowing
sufficient flow of air during operation. The plates into which
the SGS steel electrodes are mounted are made of aluminum.

C. Corona-Stabilized Electrode Design

As mentioned above, the main disadvantage of the straight
coaxial topology is that SGSs cannot “see” each other and

ultraviolet light generated by the first few stages cannot
facilitate the switching of the later ones. To overcome this
disadvantage, corona-stabilized electrodes were installed in
the SGSs in stages from 2 to 10. The application of this
technique allows to improve the stability of the SGS operation
and increases the PRF of the generator [21].

Referring to Fig. 3(b), one side of the corona-stabilized elec-
trode is fixed onto the upper electrode, dc grounded through
the discharging inductor column. As shown in Fig. 3(b), the
other end of the electrode is mounted toward the HV electrode,
making an angle α with the plane of the grounded elec-
trode. The electric field distribution near the corona-stabilized
electrode is also presented in Fig. 3(b). The applied voltage
(5.8 kV) is lower than the self-breakdown voltage of the gap
in atmospheric air to see the field before the breakdown. The
difference in potential applied between the sharp edge of the
corona-stabilized electrode and the HV electrode produces
a highly nonuniform electric field that establishes a corona
discharge, creating a region of ionization. This initial cloud of
electrons greatly increases the probability of subsequent dis-
charge and minimizes the statistical time lag in the breakdown
process [22].

A few electrons can hardly cause an electron avalanche
when their position is too far from the corona stabilizing
electrode to be accelerated enough to obtain sufficient kinetic
energy. A critical volume is defined here as a region close
to the highly stressed corona stabilized electrode, where the
presence of just a few electrons will lead to an electron
avalanche [21]. Ionization in atmospheric air starts when the
field strength exceeds 26 kV/cm [23]. Thus, the approximate
boundary of the electron cloud lies in red color in Fig. 3(b).
The distance between the electron cloud and the HV electrode
is 9 mm. The location of the critical ionization volume, the
degree of the field enhancement, and its distribution near the
sharp end of the corona-stabilized electrode can all be adjusted
by changing the angle α and/or the distance between the HV
electrode and the critical volume [see Fig. 3(b)]. The electrical
field strength in this region should be low enough, such that
breakdown will not occur while charging the capacitors but
will occur when the voltage impulse from the previous stages
will be applied across the interelectrode gap.

Since the corona phenomena occur before the complete
breakdown of the gap, the corona stabilization effect will act
on any of the subsequent breakdowns during the PRF oper-
ation. Therefore, an improvement in the insulation recovery
performance of the interelectrode gas and a reduction of the
breakdown voltage jitter are both expected, as detailed in [21].
Preliminary testing of the 13-stage Marx generator proved that,
after setting the optimum positions for all the corona-stabilized
electrodes, it has a very stable operation even in atmospheric
air. After this successful preliminary testing, the generator was
mounted inside the pressurized metal housing.

As mentioned in [21], the application of the corona stabi-
lized electrode reduces the breakdown delay. It also reduces
the jitter of the generator. A supplementary study was con-
ducted to estimate the degree of this improvement for a single
SGS in atmospheric air. The gap distance was set to 2 mm and
the applied voltage was 7.2 kV. A series of 150 pulses were
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applied to the SGS without the corona-stabilized electrode and
with it deflected at an angle α = 30◦ (high field inhomogene-
ity) and an angle α = 5◦ (low field inhomogeneity). The value
of the standard deviation of the breakdown delay in the SGS
without the corona-stabilized electrode is 7.2 μs, while with
the needle electrode, it is 1.6 and 0.59 μs for low and high
field inhomogeneity, respectively. Thus, it can be concluded
that the application of the corona stabilized electrode reduces
the delay time of the SGS, and this effect is enhanced with an
increase in the degree of field inhomogeneity in the vicinity
of its end.

D. Columns of Inductors

The charging and discharging circuits have the same design,
which includes two hand-made columns of stacked inductors.
The role of the charging column is to reduce the energy losses
and to allow the required fast charging of the capacitors to
obtain the high PRF required from the generator. Each inductor
is designed to have a sufficient number of turns to withstand
the electric stress during charging and discharging.

The fall time constant of the voltage impulse must be long
enough to guarantee the closing of the switch in the next stage
of the generator since it determines the overvoltage time on the
gap electrodes. The overvoltage time on SGSs is important for
its stable operation due to the statistical and formative delays
associated with the gas breakdown process [24]. The fall time
constant can be raised by increasing the self-inductance values
of the charging and discharging inductors. However, this will
lead to a growth in the generator’s size. Thus, to find a
compromise between compactness and stable operation of the
generator, for different stages, the dimensions of inductors are
different.

Because the overvoltage on the gap electrodes for the first
three stages of the generator is lower than that applied on the
other, a higher value of charging and discharging inductors is
required. Thus, the self-inductance of the first three stages is
Li = 145 μH, for i = 1, . . . , 3, while the rest of the inductors
have a self-inductance L j = 104 μH for j = 4, . . . , 13.
An assembled column has a diameter of 40 mm, with inductors
type Li measuring 95 mm in height, while the inductors L j

measure 70 mm. Most of the inductors are made using a
wire with a thickness of insulation of only 0.2 mm. However,
to avoid undesirable breakdown to the housing, the inductors
for the last three upper stages of the Marx generator are casted
in a silicone compound.

III. NUMERICAL SIMULATION AND TEST RESULTS

To perform a high-precision simulation of the Marx gen-
erator discharge at a very high time rate-of-change, all the
stray elements (i.e., self-inductance and capacitance, as well
as mutual inductance and capacitance) present inside the
generator need to be taken into account. Unfortunately, CST,
one of the best modern commercial electromagnetic simulation
programs, does not contain in its material data library the elec-
trophysical properties of all required materials in the gigahertz
range. However, it contains a schematic module supporting the
SPICE simulation tool, within which the SGS model can be

Fig. 4. SGS circuit.

Fig. 5. SGS plasma channel control circuitry.

implemented. The present approach to numerically simulating
the generator consists therefore of two parts. The first part
estimates the electrophysical properties (i.e., the characteristics
of all the stray passive elements) of the geometry under
study and represents them as a block of complete S-parameter
matrices. The second part allows to conduct circuit transient
simulation with an automatically created equivalent circuit of
the 3-D electromagnetic (EM) structure and both linear and
nonlinear circuit elements of the SGS model.

A. SGS Modeling

The circuit model of the SGS is based on the work reported
in [25]. The adopted physical model predicts the behavior of
an SGS using the values of the gas pressure and gap length as
inputs. The corona stabilized electrode is not explicitly taken
into account, but it is implemented using a zero value for both
the statistical time lag and for the self-breakdown dispersion.
The basic circuit of the SGS, as shown in Fig. 4, consists of
two terminals representing the face of each electrode of the
gap and two main elements, where Rarc is the resistance and
Larc is the self-inductance of the plasma channel. All quantities
in the expressions below are presented in SI units.

Rarc in turn represents a sum of two resistances: Rid and
Rbr. Rid models the transition that occurs when a channel
initially forms across the entire gap with its value is calculated
as Rid = ROFF(1 − v(ch_cntl)), where ROFF is the resistance in
the nonconductive state (ROFF = 1 M�) and v(ch_cntl) is the
channel control signal described below. Rbr is the resistance
calculated using the following formula: Rbr = d/(πσa2) [26],
where d is the interelectrode distance and a(t) is the radius
of the plasma arc calculated by the Braginskii formula [26].

The self-inductance Larc is calculated as

Larc(t) = 2d(ln(2d/a(t)) − 0.75)10−9.

The schematic of the part of the model to generate a control
signal v(ch_cntl) is shown in Fig. 5. The output voltage of
the source V1 generates a true logical signal if the potential
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Fig. 6. Relationship between the overvoltage ratio and the prebreakdown
delay. The points are representing data from [20], while the line represents a
Gaussian fitting curve.

difference between the electrodes exceeds the static breakdown
voltage calculated by Paschen’s law [25]. In our generator,
the closing of an SGS from 2 to 13 occurs when an impulse
voltage is applied, for which the breakdown value is higher
than the dc value. Thus, the output signal of V1 is integrated
over time to determine the duration of the impulse overvoltage.
Experimental data from [27] were used to obtain the relation
between the overvoltage ratio and the prebreakdown delay.
The data were successfully fit with a Gaussian function (see
Fig. 6). The voltage source V2 generates a true logical signal
if the potential difference between the electrodes exceeds the
impulse breakdown voltage calculated using the curve from
Fig. 6.

The breakdown between the two electrodes occurs after
a prebreakdown delay. This time delay is considered to be
between the moment at which the gap voltage exceeds the
breakdown voltage and the moment at which the channel
forms and conduction begins. As can be seen from Fig. 5,
the signal v(bd_imp) is multiplied by its delayed version to
take into account the prebreakdown delay and to form the
signal v(delay). If this signal is true, v(ch_cntl) is also true
and an abrupt decrease of Rarc takes place, the voltage across
the spark gap rapidly collapses, and the current begins to flow.
The minimum value of the gap current (Imin) that keeps the
channel in a conducting state was introduced in the model as
a user predefined parameter. The voltage source V3 generates
a true logical signal if the current through the gap exceeds
the user’s predefined value. Therefore, the logical sum of the
v(delay) and v(min_current) signals generates the gap control
signal v(ch_cntl).

The waveforms of the channel control signal v(ch_cntl) are
presented in Fig. 7. It is easy to note that, due to the channel
control circuit, the SGSs do commute sequentially.

B. Numerical Simulation

The schematic of the circuit model of the Marx genera-
tor is shown in Fig. 8. The Sj represents the SGS model

Fig. 7. Waveforms of the channel control signal.

described above. The index j = 1, . . . , 13 represents the stage
number. The block with the complete S-parameter matrices
was calculated using the CST 3-D EM solver. It has outputs
corresponding to all SGSs electrodes. This block takes into
account all stray elements of the geometry under study.

Since the processes of capacitor charging and their discharge
through the load (impulse generation) operate in very different
time domains (i.e., tens of milliseconds and hundreds of
nanoseconds, respectively), two separate schematic simula-
tions were carried out. A simple model of the Marx generator
during the charging phase allows us to observe charging time
and the nominal voltage at all capacitors. In this model, SGSs
are considered as an open circuit.

In the model of SGS operation, the process of charging all
capacitances is neglected as it has little effect on the gener-
ator’s performance. It is simply assumed that at the moment
the simulation begins, all stage capacitors Ci are charged to an
initial voltage representing 98% of the self-breakdown voltage
of the first SGS. At this moment, a trigger voltage pulse is
supplied from the impulse voltage source Vin through the input
separating capacitor Cin to charge the capacitor representing
the first stage up to the breakdown voltage and thus force the
first stage SGS to close.

The generated output voltage impulse applied on the load
is compared in Fig. 9 with experimental data. The figure
demonstrates a very good agreement between the experimental
data and the theoretical predictions. Therefore, the model
presented above can be used for the design of highly optimized
Marx generators.

C. Test Results

The practical arrangement used in testing the Marx gener-
ator is presented in Fig. 10. It consists of four main parts:
the trigger generator, the charger, the Marx generator body,
and the load. A 50-kV–160-mA Technix charger is used to dc
charge the Marx generator. The charger supplies the capacitors
with a positive voltage in a trigger mode (inhibit mode) under
the control of a trigger pulse generator Keysight 33600A.

Using air pressurized to 6.5 bars and with the charging
voltage of the Marx generator set at 39 kV, the generated
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Fig. 8. Circuit model for the Marx generator.

Fig. 9. Impulse waveform on the load for single-mode operation.

voltage peak is about 500 kV on a 300-� cylindrical water-
filled load. The output voltage is measured with a high-quality,
ultracompact 0.5-MV capacitive voltage divider [28], having
an exceptionally high upper bandwidth limit of 55 MHz for
such a unit. The voltage impulses are recorded and analyzed
using a Tektronix TDS3052B digital oscilloscope, having a
bandwidth of 500 MHz and a sampling frequency of 5 GS/s,
placed in a Faraday cage and powered by a UPS.

When tested in the single-shot mode, the Marx generator
produced a 500-kV HV impulse delivered to the load with
a rise time of 15 ns and a pulsewidth of 70 ns, as shown
in Fig. 9. The shot-to-shot variation of the peak voltage and
its characteristic rise time is less than ±5% and ±6.3%,
respectively.

The generator was also tested in burst mode, with a
burst having 100 discharges at a repetition rate of 50, 75,
and 100 Hz. The number of impulses is determined by the

Fig. 10. Block diagram of the practical experimental arrangement for testing
the Marx generator.

requirement of our research project (ESCAPADE). The failure
rate at a PRF of 50 and 75 Hz does not exceed 5%, while at a
PRF of 100 Hz, the rate increases to 15%. However, no irre-
versible damage was observed and the generator continued to
work. Implementation of a system to allow blowing the inner
housing air would probably reduce the number of failures at
PRF 100 Hz.

Fig. 11(a) and (b) shows the waveforms recorded during
a burst of 1 s at a PRF of 100 Hz, with a voltage peak of
450 and 500 kV, respectively. As can be seen from the figure,
there is no significant difference between impulses with a peak
of 450 kV generated in the burst mode and a corresponding
impulse in the single-shot mode. The difference in rise time
and amplitude does not exceed the value of the shot-to-
shot variation observed in the single-shot mode. However, the
variation of the main discharge characteristics is higher when
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Fig. 11. Impulse waveforms recorded during the burst-mode operation.
(a) Overlay of 20 pulses with a peak of 450 kV. (b) Same as (a) but for
a peak reaching 500 kV.

the peak reaches 500 kV. Thus, this value of the amplitude is
the upper limit for the stable operation of the generator under
a PRF of 100 Hz.

The self-breakdown voltage jitter was estimated as a stan-
dard deviation of breakdown voltage for a burst of impulses:
STD = 28.07 kV. Fig. 12 shows a histogram constructed
for a burst of 100 consecutive pulses when the generator is
operating at a PRF of 100 Hz. This figure allows to estimate
the probability of generating pulses of various peak voltages.
As can be seen from the figure, the mean value of the peak
voltage is near 520 kV, and the most probable generation of
a pulse is in the range of ±45 kV relative to its mean value.

IV. DISCUSSION

The established parameters of the Marx generator are listed
in Table I. For comparison, the parameters of other generators
of the same class presented in the open literature [7]–[11] are

Fig. 12. Histogram of the peak impulse recorded during a burst of 100 shots
performed at a PRF of 100 Hz.

TABLE I

MAIN CHARACTERISTICS OF MARX GENERATORS

also presented in Table I. It is worth to note that each HV
generator has a unique and sometimes bespoke design, and
therefore, it is not completely relevant to compare these units.

We note however that the use of SF6 makes it possible to
reduce the size of the generator. However, this gas becomes
toxic when used in SGSs and is not allowed by law to be
released in the atmosphere, making its use very complicated,
with most designers of modern Marx generators trying to
avoid using it. We also note that very HV pulsed generators
operate at relatively modest repetition rates. As Table I shows,
the present generator is one of the most compact among the
generators presented, having also the shortest rise time and the
highest operational PRF.

V. CONCLUSION

This article presents all the details of the design procedure
and testing of a compact half-megavolt, high PRF Marx
generator. The results of the tests demonstrate that a 13-stage
Marx generator, with an output voltage of 500 kV and a stable
operation at a PRF of 100 Hz can be accommodated in a
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compact volume of only 74 L. The results were achieved using
a straight coaxial topology, implementing a corona-stabilized
electrode technique and manufacturing charging, and dis-
charging columns from inductors with optimum values. The
detailed numerical simulation, using different software pack-
ages, accurately determined the optimum parameters of the
generator and it also allowed to predict with high accuracy
the waveform of the output voltage impulse. The experiments
demonstrated that the Marx generator performance is sta-
ble both in single-shot mode and in burst mode at a PRF
of 100 Hz.
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