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ABSTRACT
This paper highlights the development of a high-voltage pulser that utilizes a zero-voltage-switching (ZVS) circuit and diode split flyback
transformer to produce high-voltage DC pulses for a hypervelocity microparticle injector. In our circuit, the resonant inverter of the ZVS
circuit is coupled to the diode split flyback transformer to generate a voltage of 10–40 kV. A power MOSFET (IXTQ 110N10P) is placed in
the circuit to switch the variable DC input power supply to get a repetitive pulse output. The frequency of the high voltage output pulse can be
adjusted from DC to 500 Hz, and the rise time of the voltage is about 0.28 ms. The high-voltage pulser has been connected to a microparticle
injector to undergo testing, and the ejection of microparticles has been successfully observed. Detailed simulation and experimental results of
the high-voltage pulser are presented.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5095435., s

I. INTRODUCTION

Hypervelocity microparticle accelerator to accelerate micron-
sized charged particles by electric fields to high velocities, which
could be used for micrometeorite impact studies, has been studied
and reported by Shelton et al.1 Ejecting hypervelocity microparti-
cles by the electrostatic field has been carried out in many different
organizations, particularly the Cosmophysics Division of the Max-
Planck-Institut für Kernphysik in Heidelberg,2,3 the Unit for Space
Sciences of the University of Kent at Canterbury,4 and the Institute
of Space and Astronautical Science in Kanagawa.5–7 Velocities up
to 80 km/s of microparticles with a diameter between 0.05 μm and
5 μm have successfully been measured in a beam with a 2 MV Van de
Graaff accelerator at the Max-Planck-Institut für Kernphysik.3 Fur-
thermore, hypervelocity microparticles have also attracted a great
deal of interest in magnetic confined plasma. The three-dimensional
structure of hypervelocity microparticles is extremely small which
can be used as a diagnostic tool in high-temperature plasmas. Zhehui

Wang et al. had systematically reported two applications of hyperve-
locity microparticles in plasma diagnostics,8–13 namely, for mapping
the internal magnetic field vectors and for the measurement of direc-
tions of ion and plasma flows. The applications of hypervelocity
microparticles have also been discussed in many studies.14–21

The hypervelocity microparticle accelerator system can be
divided into four sections: a microparticle injector unit, an accel-
erator unit, charge and velocity measurement unit, and a target
chamber unit.5,22 Among them, the microparticle injector unit is the
key unit to store, charge, and launch the charged powders into the
accelerator unit. The schematic of the cross section of the hyperve-
locity microparticle injector is illustrated in Fig. 1. All components
of the microparticle injector are aligned along the axis. Ideally, this
is the path of hypervelocity microparticles. The charging and injec-
tion mechanisms require a high-voltage (HV) DC (direct-current)
power supply and a HV pulsed DC power supply, also called HV
pulser. The HV DC power supply is added to the tungsten charg-
ing rod and extraction plate to generate an electrode potential for
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FIG. 1. Schematic of a hypervelocity microparticle injector.

charging and ejecting microparticles. The microparticles are charged
upon coming into contact with the tungsten charging rod. It should
be noted that the tungsten charging rod is several times larger than
the microparticles to be charged. In the reservoir, microparticles
are mainly subjected to gravitational force, electric field force, and
adhesion. Therefore, in order to make microparticles vibrate, two
conditions must be satisfied. One is that it should be able to charge
the microparticles’ surface and keep the microparticles dry so that
they can be separated. The other is that the electric field force of
the microparticle should be greater than its gravitational force. In
order to achieve this condition, the voltage applied to the reservoir
and extraction plate should be a few tens of kilovolts. In this exper-
iment, a HV pulser is added to the reservoir and extraction plate to
excite microparticles vibrating between the reservoir and the tung-
sten charging rod. Once a microparticle is lifted from the reservoir
and contacts the tip of the tungsten charging rod, it acquires a charge
of the same polarity as the rod surface and then is repelled by the
electrical force between the tungsten charging rod and the extrac-
tion plate. The ejected velocity v derived from the conservation of
energy is given by1

v =
√

6VEε0/rρ, (1)

where V is the electrode potential (between the tungsten charging
rod and the extraction plate), E is the electrostatic field at the sur-
face of a spherical microparticle, ε0 is the permittivity of free space,
r is the radius, and ρ is the particle material density. The equa-
tion of ejected velocity v indicated that for a microparticle of given
radius, material, and electrode potential, the velocity obtained by a
microparticle in an electrostatic field is dominated by the square root
of the electrostatic field E at the surface of a spherical microparticle.
The amount of charge q on a spherical microparticle with radius r is
determined solely by the electrostatic field E,

q = 4πr2ε0E. (2)

In the past and present operation of the electrostatic accelera-
tor, the HV pulser is usually obtained by switching a high voltage

DC using a 6BK4 beam triode with a maximum DC plate volt of
27 kV.3,17 The actual operating voltage of the beam triode varying
from 0 to 20 kV is somewhat less than the maximum value, which
ensures a safe margin for the beam triode operation.3 The use of
the 6BK4 beam triode to switch the HV voltage is a hard switching
technology, which will produce a larger electromagnetic interfer-
ence (EMI), affect the external measurement circuit, and also occupy
large space. Hence, a low EMI and more compact HV pulser will
be the pursuit of the hypervelocity microparticle injector. The flat-
topped pulse length generated by using the 6BK4 beam triode is
about 10 ms, which is fixed by the decay constant of the RC net-
work of the circuit.4,17 A HV pulser that can continuously adjust the
duration of the flat-topped pulse will help control the vibration of
microparticles. In a hypervelocity microparticle accelerator, one end
of the HV pulser is usually connected to a high voltage potential,3

e.g., 2 MV, so the HV pulser should also have the ability of elec-
trically floating operation. In addition, the charging rod should be
electrically insulated from the reservoir of the microparticle injec-
tor. At the maximum voltage of the HV pulser, the charging rod and
reservoir are maintained at the same potential. However, when the
voltage of the HV pulser is zero, an electric field is formed between
the charging rod and the reservoir. The limitation of the withstand-
ing voltage of the 6BK4 beam triode will affect the application of the
higher voltage of the charging rod.

The main objective of this work is to improve the conven-
tional HV pulser composed of a 6BK4 beam triode by developing
and designing a novel and compact HV pulser for the hypervelocity
microparticle injector. The HV pulser is designed with a resonant
inverter of zero-voltage-switching (ZVS) circuit which is coupled
to a diode split flyback transformer to generate a voltage of 10–
40 kV. The frequency of the HV pulser can be varied from DC to
500 Hz. The remaining three sections of the paper are organized as
follows. Design and simulation of the HV pulser will be presented
in Sec. II. Experimental arrangement and results are presented in
Sec. III. Finally, a summary is presented in Sec. IV.

II. DESIGN AND SIMULATION OF THE HV PULSER
A. Design of the HV pulser

Zero-voltage-switching (ZVS) is one type of soft-switching
technology, which refers to turning on and off the switch while there
is almost zero voltage across it, dramatically reducing switching
losses and achieving high efficiency.23–27 Moreover, soft-switching
topologies inherently generate less EMI than comparable hard-
switching topologies. In order to obtain a highly efficient high volt-
age pulser, we develop and design a new pulser circuit by modifying
and upgrading Mazzilli’s ZVS circuit which is a derivative of the
L-C MOS oscillator or Royer oscillator.25 The HV pulser we devel-
oped is a self-resonant, push-pull, free running oscillator that uses
a diode split flyback transformer to generate a high voltage and a
power MOSFET to switch variable DC input power supply to gen-
erate a repetitive pulse output. The circuit diagram of the HV pulser
is depicted in Fig. 2. The HV pulser mainly consists of two parts.
The first part is a power MOSFET (IXTQ 110N10P), which is used
to switch the variable DC input power supply Vin. The switching
frequency is consistent with the output pulse frequency of the sec-
ondary winding of the transformer. The voltage amplitude of the
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FIG. 2. Circuit diagram of the HV pulser.

HV pulser can be varied with the aid of the variable DC input power
supply Vin. In order to control the MOSFET, an IC (model number
KP101, Beijing LMY Electronics Co., Ltd) is adopted. The detection
terminal labeled 2 in the IC is connected to the drain of the MOS-
FET through the HV isolation diode D4. The Zener diode D6 is used
to reduce the protection threshold. The resistor R3 and Zener diode
D3 connected in parallel at the gate-to-source of the MOSFET pre-
vent the MOSFET from burning due to the Miller effect. Moreover,
a RCD (resistor, capacitor, and diode) snubber circuit consisting of
a resistor R1, a capacitor C1, and a diode D1 is connected in parallel
at the drain-to-source of the MOSFET to ensure that the MOSFET
is turned off gently.28

The second part is the resonant inverter of the ZVS circuit,
which supplies power for the flyback transformer and achieves a
high voltage output. The ZVS circuit is very efficient since the two
MOSFETs drive a parallel L-C tank at its resonant frequency, and
the oscillation frequency can be determined by the inductance of the
primary winding L of the transformer and the capacitor C, as given
in the following equation:

f =
1

2π
√

LC
. (3)

In the HV pulser, the transformer is a diode split transformer, that is
to say, diodes and capacitors are embedded in the secondary winding
of the transformer. Therefore, HV DC voltage is directly achieved
without another external rectifier circuit. According to the manu-
facturer’s data, the primary winding of the flyback transformer can
work at a high frequency of about 20–45 kHz. In our pulser, the

primary winding with 6 turns of coils of 12.4 μH is suitable for
10–40 V variable DC input power supply Vin applications. Too few
windings will result in excessive heating, and too many windings
will result in a reduced power output. Compared with the power
frequency transformer, the higher frequency has many advantages,
such as smaller and lighter cores and smaller caps for rectifiers. A
1.98 μF capacitor C2 rated for 1200 V is made up of six 0.33 μF MKP
resonant capacitors in parallel, which can avoid excessive heating in
a single capacitor. For the sake of mitigating current spikes, two iron
powder core inductors L1 and L2 are placed in series with the vari-
able DC input power supply Vin serving as a choke. Two MOSFETs
are used to drive a parallel L-C tank at its resonant frequency. The
voltage in the drain of the two MOSFETs is much higher than the
input voltage Vin. Note that the voltage across the primary winding
of the flyback transformer, which is also the resonant inductor, nat-
urally averages to zero. On the resonant inductor, one node is Vin,
and the other is split between the drains. The peak drain voltage Vpd

can be written as follows:25

VL =
2
T ∫

T
2

0

Vpd × sin( 2π
T t)

2
dt =

Vpd

π
= Vin, (4)

Vpd = π × Vin. (5)

Equation (5) shows that the peak voltage between the drain and
the source of the MOSFET is about π times higher than the vari-
able DC input power supply Vin. As mentioned above, the MOS-
FET must have a high enough voltage at the drain-to-source to

Rev. Sci. Instrum. 90, 083305 (2019); doi: 10.1063/1.5095435 90, 083305-3

Published under license by AIP Publishing

https://scitation.org/journal/rsi


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

avoid breakdown and a low enough on-resistance RDS(on) so that
the MOSFET does not heat up too much when a large current is
passing through. In our HV pulser, a pair of MOSFETs (model
number IXFK140N30P) with VDS = 300 V and a low on-resistance
RDS(on) ≤24 mΩ is used. Because MOSFET is a relatively fragile
component, the voltage between the gate and the source exceeds
±30 V, the MOSFET will easily be damaged, or at least the per-
formance will be greatly degraded. In order to prevent the above
from happening, some components need to be added to the gate-to-
source of the MOSFET for protection. Two resistors R10 and R13 of
470 Ω limit the current that charges the gates to avoid damage of
overcurrent at the MOSFET. R11 and R14 of 10 kΩ pull the volt-
age down to ground to avoid latchup. The Zener diodes D9 and D11
placed in parallel with the gate-to-source prevent the gate voltage
from exceeding the gate breakdown voltage. D5 and D10 are fast
recovery rectifiers, which transfer the current to the opposing drain
during the resonant cycle and drop the opposing drain voltage to
zero. During the process of flyback transformer energy conversion, it
is clear that the effective resonant inductance of the primary winding
could be changed by the load resistance since the magnetizing induc-
tance could be shunted by the load. Therefore, two 5 MΩ resistors
are connected in series in the secondary winding of the transformer.
In addition, a 10 MΩ resistor connected in parallel in the secondary
winding helps absorb the spike of the rising edge and get a flattop
area.

B. Simulation of the HV pulser
The proposed HV pulser circuit is simulated with NI Multisim

software before the actual construction of the pulser. In the simula-
tion circuit, there is a difference, that is, the diode split transformer
is replaced with a transformer without built-in diodes because of the
lack of availability of the SPICE model. Figure 3 shows the simula-
tion waveforms of the gate voltage, drain voltage, and drain current
on one of the IXFK140N30P MOSFETs. Note that in the simula-
tion circuit, the variable DC input power supply Vin is set to 40 V.

FIG. 3. Simulation waveforms of (a) gate voltage, (b) drain voltage, and (c) drain
current.

FIG. 4. Simulation waveforms of the primary winding current and resonant
capacitor voltage.

Figure 3(a) shows that the Zener diode regulates the gate voltage
at 15 V. Figure 3(b) shows that half cycle sinusoidal signals oscil-
late alternatively at the drain-to-source of one of the IXFK140N30P
MOSFETs. The drain current as shown in Fig. 3(c) is synchronized
with the gate voltage Vgs, and the phase difference between the drain
voltage and the drain current is 180○. A voltage probe is placed on
both ends of the resonant capacitor to measure the voltage of the
capacitor, and a current probe is placed on the primary winding
of the transformer to measure the oscillating current. The reso-
nant waveforms are sine waves with oscillation frequencies of about
32 kHz, as shown in Fig. 4. A linear relationship between the res-
onant current and the DC power supply voltage can be observed
by changing the variable DC input power supply Vin. The simula-
tion results predict that zero-voltage-switching will be successfully
demonstrated with the circuit shown in Fig. 2.

III. EXPERIMENTAL ARRANGEMENT AND RESULTS
To test the performance of the HV pulser, it was connected to

the microparticle injector shown in Fig. 1. The microparticle injector
is mounted on a 316L stainless steel vacuum chamber with a pres-
sure of 1 × 10−5 Pa. The choice of such a low pressure is mainly
due to two considerations: one is to prevent arcing between the elec-
trodes in the hypervelocity microparticle injector at a high voltage
and the other is that at such a low atmospheric pressure, micropar-
ticles are unlikely to discharge with residual gas molecules by col-
lisions during flight. In the experiment, one output terminal of the
HV pulser is connected to the microparticle reservoir, and the other
terminal is connected to the extraction plate. In addition, a tun-
able HV DC power supply is connected to the charging rod and
extraction plate for microparticle charging. The output voltage of
the HV pulser was measured by using a 1000:1 RC compensated
HV probe with an input impedance of 100 MΩ. In operation, an
adjustable square wave clock signal Sin to switch MOSFET Q1 is pro-
vided by an arbitrary waveform generator and a variable DC input
power supply Vin is an adjustable supply with a power of 3000 W
and a voltage ranging from 0 to 50 V. In our application, the typ-
ical operating voltage of the variable DC input power supply Vin
is 10–40 V. When the variable DC input power supply Vin is less
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FIG. 5. Transformer’s primary winding current and secondary winding output
voltage.

than 10 V, the MOSFET will not switch due to insufficient gate
voltage.

Figure 5 shows the start-up waveforms of the HV pulser. In
application, the variable DC input power supply Vin is set to 40 V.
In an oscillogram, the blue trace shows the output voltage across
the microparticle injector and the red trace is the primary current
of the transformer. From the output voltage waveform, it can be
seen that the rise time of the voltage is about 0.28 ms. After the volt-
age reaches the peak value of 46 kV, the output voltage decays and
finally stabilizes to 40 kV. This phenomenon is consistent with the
primary current of the transformer. It can be attributed to the ini-
tial resonance instability of the transformer primary winding and
resonant capacitor C2. Burchell et al.4 demonstrated that compared

FIG. 6. The output voltage waveforms of the secondary winding. (a) Operation
frequency at 500 Hz, (b) operation frequency at 50 Hz, and (c) DC voltage
operation.

with the rise time, the appropriate pulse duration is the key to par-
ticle vibration. In their application, a pulse duration of 10 ms was
usually chosen. A rise time of 0.28 ms is enough for microparticle
injector application. As can be seen from Fig. 5, the experimen-
tal results of the transformer primary winding current are basi-
cally in agreement with the simulation results shown in Fig. 4. The
current was measured using a 100:1 Pearson current monitor. It
reached a steady amplitude of 50 A with a resonant frequency of
32 kHz.

The charge performance of the microparticles strongly depends
on the flat-topped pulse length of the output voltage.4,17 An
adjustable duration of the flat-topped pulse will help control
the vibration of microparticles. Therefore, a HV pulser with an
adjustable pulse width is particularly critical. The HV pulser was
successfully operated and controlled in the burst mode from a single
shot up to 500 Hz. In operation, the duty cycle of the clock signal
Sin is set to 50%. The different operating frequencies of the pulser
are shown in Fig. 6. Figure 6(a) shows the output voltage waveform
of the secondary winding with an operating frequency at 500 Hz.
When the operating frequency continues to increase, a voltage fall
time of 1 ms prevents the circuit from fully recovering to 0 V. A
maintenance time of low level can be extended by adjusting the duty
cycle of the clock signal Sin. Figure 6(b) shows the output voltage
waveform of the secondary winding with an operating frequency at
50 Hz. The obtained voltage waveform can be regarded as a rectan-
gular wave, except for the spike on the rising edge. When the pulse
width of the clock signal Sin was set relatively long, the time was
set to 100 s in our experiment, and the detected voltage is shown

FIG. 7. The relationship between the input voltage and the output voltage. (a)
The dashed line indicates that the DC component of the input voltage and output
voltage is linear and the proportional coefficient is 1000 ± 10 (without considering
spikes) and (b) the peak to peak value Vpp of the ripple increases with the increase
in the input voltage. The minimum value is about 1.2 kV, and the maximum value
is about 3.2 kV.
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in Fig. 6(c) (only 1000 ms is shown in the diagram). It can be seen
from the diagram that the output voltage is a DC voltage. Other duty
ratio waveforms can also be obtained by adjusting the square wave
clock signal Sin of the arbitrary waveform generator. By adjusting the
variable DC input power supply Vin, it is noted that the DC compo-
nent of the input voltage and output voltage is linear, as shown in
Fig. 7, and the proportional coefficient is 1000 ± 10 (without con-
sidering spikes). Because of the driving characteristics of the diode
split flyback transformer, the output voltage has ripples (AC com-
ponent with a resonant frequency of 32 kHz) at the top of the pulse,
as shown in Fig. 5. The ripple amplitude is related to the DC com-
ponent of the output voltage. The experimental results show that the
higher the DC component is, the larger the AC component is, as
shown in Fig. 7(b). When the DC component of output voltage is
10 kV, the peak to peak value Vpp of the ripple is the smallest, which
is 1.2 kV. When the DC component of the output voltage is 40 kV,
Vpp of the ripple is the largest, which is 3.2 kV. In the hyperveloc-
ity microparticle accelerator, there is a velocity selection unit, and
the ripple effect can be neglected. The output voltage amplitude of
our HV pulser is higher than that of the existing HV pulser. There-
fore, it has a more sufficient microparticle vibration margin. At the
same time, the charging rod can apply a higher electrode voltage. In
the experiment, the ejected microparticles have been observed on a
polyethylene plate with the naked eye. A noncontact method3 based
on charge induction will be applied in future velocity measurement
experiments.

IV. CONCLUSION
To summarize, a compact HV pulser has been designed and

developed for the hypervelocity microparticle injector, which is an
important component of the hypervelocity microparticle accelera-
tor system. In the ZVS circuit, two IXFK140N30P MOSFETs drive
a parallel L-C tank at its resonant frequency. Soft-switching topolo-
gies inherently generate less EMI than comparable hard-switching
topologies. All of these can make the whole system compact and
small. The pulser circuit was simulated with NI Multisim software
before the actual construction of the pulser. The circuit simulation
results clearly show that ZVS is achieved by this topology. The HV
pulser has also been connected to a microparticle injector to test
its performance. The experimental results have shown the capabil-
ity of achieving a full floating DC pulse voltage of 10–40 kV with the
frequency varying from DC to 500 Hz.
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12C. M. Ticoş, Z. Wang, L. A. Dorf, and G. A. Wurden, Rev. Sci. Instrum. 77,
10E304 (2006).
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