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Compact Nanosecond Magnetic Pulse
Compression Generator
for High-Pressure Diffuse Plasma Generation

M.D.G. Evans*, V.J.P. Baillard*, P.D.G. Maqueo, J.M. Bergthorson, S. Coulombe

Abstract— We report on the development of a low-cost,
adjustable high-voltage/high-power nanosecond pulse
generator for diffuse plasma generation in a high-pressure
gas-discharge cell. The generator produces scalable
impulsions of 0 to 40 kV, at an adjustable pulse repetition
frequency up to 7 kHz. Details pertaining to its working
principles, electrical architecture, components, and
specifications are presented. Voltage and current pulses are
measured for resistive loads of 1.5 kQ to 5 MQ. The energy
per pulse along with the generator’s overall efficiency are
presented as a function of the input voltage. A maximum
value of 13.5 mJ/pulse can be delivered to a 3 kQ load. Our
preliminary investigation using a pin-to-plate geometry in
air and at pressures up to 2.75 atm [280.5 kPa] demonstrates
the production of uniform diffuse plasma volumes. The
domain of existence of the diffuse plasma regime is briefly
explored, as a function of pressure and voltage pulse
amplitude.

Index Terms— Plasmas, Plasma generation, Plasma
devices, Pulse compression circuits, Pulse Generation, Pulse
power systems

I. INTRODUCTION

Over the last decade, several researchers of the plasma
processing community have dedicated considerable effort
to the generation of diffuse non-equilibrium plasmas, free
of filaments and localized hot spots, at atmospheric
pressure. So far, the most promising way of producing
such plasmas is through the use of short-duration,
repetitive, high-voltage pulses (1 ns — 1 ps), as opposed to
conventional high-voltage DC or AC sources. Short
pulses ensure precise and timed deposition of energy to
the plasma load in a uniform and repetitive manner. Short
pulses enhance electron impact chemistry [1], and
increase the permissible voltage limit that may be attained
prior to spark channel formation [2], thereby minimizing
gas temperature increase [3]. Several fields of application,
such as plasma-assisted combustion (PAC) [4][5], plasma-
assisted ignition (PAI) [6][7], fuel reforming [8], and
plasma medicine [9][10], now make use of this
technology.

High-voltage drift-step recovery diodes (DSRD)
[11][12] and semiconductor opening switches (SOS)
[13][14] are the main current contender technologies for
high-voltage, short-pulse generation. Unfortunately, the
limited availability and high cost of these opening
switches remain problematic for industrial generator
development. Pulse generation using commercially-
available ultra-short recovery time diodes has yielded
similar results to the DRSD and SOS technology [15], but

limited hold-off voltage and frequent failure of the diodes
have been reported for high pulse-repetition frequencies [16].

Magnetic pulse compression (MPC) technology offers the
possibility of constructing robust high-voltage pulse
generators using few components prone to failure. This
technology delivers higher energy per pulse, longer pulse
width, but with lower pulse repetition frequency compared to
DSRD and SOS technologies. MPC relies on the use of
capacitors and variable inductors, wound on amorphous
ferromagnetic cores in a toroidal shape, to store energy and
release it in successive voltage step-up transformations over
progressively shorter periods of time [17]. The variable
inductors are wound toroids, used as magnetic switches. Their
impedance alternates between low and high values depending
on the magnetic flux-swing in their core, induced by the
current in their windings. MPC is usually combined with
relatively slow solid-state switches (thyristors, SCRs, or
IGBTs), which modulate the power delivery of an initial
energy storage device such as a capacitor or a power supply.
Many MPC cell architectures are possible, ranging from
parallel and series compression, to combinations including
Marx banks. Many of these architectures produce pre-pulse
waveforms, and have limited repetition rates around 1-2 kHz
[18][19][20].

In this article, we report on the development of a low-cost
compact magnetic pulse compressor, free of reset circuits,
using a novel parallel, synchronized branch system in the
pulse compression circuit used to increase the efficiency of the
output transformer. First, the circuit architecture and its
components are presented. Then, the generator’s operation on
a full cycle is presented for a 3 kQ load, along with its
performance with a range of different resistive loads. Finally,
diffuse air plasma volumes are generated in a pin-to-plate
geometry up to 2.75 atm [280.5 kPa], and the domain of
existence and energy deposition is mapped as a function of gas
pressure and pulse amplitude.

II. EXPERIMENTAL SETUP

A. Functional Architecture of the Generator

Fig. 1 shows the general block diagram of the MPC
generator. The DC Power Block provides the required amount
of energy necessary for the entire MPC generator, which is
stored in the Primary Pulse Block at the start of each cycle.
The Transistor-Transistor Logic (TTL) Trigger Generator’s
signal is fed to the Control Block, which drives the Primary
Pulse Block to release energy in the form of a high-current
pulse. This energy is then cascaded to the Magnetic Pulse
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Compression Block, where the pulse duration is
significantly reduced. The output of the Magnetic Pulse
Compression Block is fed to the Load of choice, which
may be a resistor or a gas discharge cell.

B. Trigger & Control Block Circuit

Fig. 2 shows the equivalent Control Block Circuit. A
TTL signal (5§ V, At = 6.2 us) is sent out from the external
trigger generator (Berkeley Nucleonics, BNC 565) to
amplifier A (MICROCHIP, TC4420), which provides the
adequate level of power to drive the parallel optocoupler
bank O1-Og (Vishay Semiconductors, VO3120). Resistors
Ro1-Ros (100 Q) ensure that each optocoupler receives an
equal and controlled current. Each optocoupler provides
isolation for the TTL Trigger Generator from reflected
power in the Primary Pulse Block, which could otherwise
spuriously trigger a conventional parallel bank of
amplifiers in its place. Capacitor Ca; (4.7 pF) stabilizes
power supply Va, set to 10 V, and capacitor Ca, (2.5 nF)
stabilizes the output of A. The power supply Vo, set to 30
V, powers the bank of optocouplers, while capacitors Co;-
Cos (0.1 uF each) stabilize the supply voltage for each
optocoupler. The output of each optocoupler is connected
in series to a resistor Rg1-Rge (100 Q each) and to the gate
of the paired transistor in the Primary Pulse Block. The
optocoupler signals are identified as S;-Ss. Rgi-Rae
stabilize the operation of each transistor, protect the
optocouplers, and control the rise time of the control
signal applied to each transistor.

C. Primary Pulse Block & Magnetic Pulse Compression
Block

Fig. 3 shows the architecture of the Primary Pulse
Block and the Magnetic Pulse Compression Block.
Selected circuit nodes (No-Ng) are identified on the figure,
and will be used as measurement references in Section 2.
The magnet wire used throughout this project for the
windings around ferromagnetic materials is 18 AWG (Rea
Magnet Wire Company, Pulse Shield), and the
transformer’s winding ratios will be expressed in full
numbers of turns (Npyi:Niec).

PS is an adjustable DC power supply (Sorensen, DCR
600-4.5B), and is also referred to as the DC Power Block.
Cy (10 uF) and C; (3.7 uF) are polypropylene capacitors,
and inductor Ly (560 pH) is used as a high-current choke
made with 100 turns of 18 AWG magnet wire wrapped
around a ferrite core (Eaglerise Electric & Electronic).
Diode D, is a high-current diode (Fairchild
Semiconductor, RURG80100), with 1kV of hold-off
voltage. Transistor bank T}-T¢ is composed of IGBTs
(IXYS, IXYH60N90C3), with 900 V of hold-off voltage,
and controlled with signals S;-Ss. Pulse transformer PT) is
made of a stack of 4 nanocrystalline cores (Hitachi
Metals, FT3KM F6045G, By = 1.23 T, tmax = 70000),
with 1:50 step-up ratio, and may be considered as the

junction point between the Primary Pulse Block and the
Magnetic Pulse Compression Block. Capacitor C, (1.1 nF) is
made of two ceramic capacitors in series.

Pulse transformer P7, is made of a stack of 4
nanocrystalline cores (Hitachi Metals, FT3KM F4535G, By =
1.23 T, prmax = 70000), with 7.5:12 step-up ratio. C; (500 pF)
is a ceramic disc capacitor. Magnetic switch MS; is made of
two 3-core stacks in series (Hitachi Metals, MP3210M4AS,
By =0.57 T). Each 3-core stack is wrapped with two parallel
branches of 20 turns each winded in the same direction so that
the coercive currents add up to generate the magnetic flux.
Magnetic switch MS, is made of a single 3-core stack of the
same material as MS; using the same parallel winding
configuration. Cy, and Cy, (470 pF) and Cs, and Cs, (235 pF)
are ceramic disk capacitors. Pulse transformers P73, and P73,
are each made of a single core of the same material as MS; and
MS,, with a 10:33 step-up ratio. Internal stabilizing resistor Rg
(5 MQ) is a metal oxide resistor, and the load resistor Ry is
placed externally to the generator. P73, PTs,, and Rs are
immersed in an oil bath to prevent gas breakdown, between
the primary and secondary windings of P73, and PTjp, through
the core material. The entire generator, excluding PS and the
trigger generator, has a volume of under 0.02 m’. The total
cost of the generator, including an encasement and cooling
fans, is under 1000 USD.

D. Electrical Diagnostics

Voltage measurements in the Control Block Circuit were
made using a 10X passive probe (Tektronix, P2200, 10 MQ,
16 pF). Voltages measured in the Primary Pulse Block were
made with a second 10X passive probe (Tektronix, P6016A,
10 MQ, 13 pF), and those in the Magnetic Pulse Compression
Block were made using 1000X passive voltage probes
(Tektronix, P6015A, 100 MQ, 3 pF). Currents were measured
using two types of Rogowski coils (Pearson Electronics,
Model 411 & Model 110A) for resistive load operation and
plasma generation, respectively. All electrical measurements
were recorded using a digital oscilloscope (Tektronix, TDS-
3054B).

E. Gas Discharge Cell

Fig. 4 shows the gas discharge cell used for the generation
of diffuse plasma under high-pressure conditions. The body of
the gas discharge cell is made of a four-way cross (Kurt J.
Lesker Company, QF40-150-X). Compressed air is fed to the
reactor through the inlet, and the pressure in the chamber is
regulated by a needle valve placed at the exit of the reactor.
The pressure in the discharge cell is monitored by a pressure
gauge, and the maximum permissible pressure differential is
26 psig (corresponding to a maximum total pressure of 2.75
atm [279 kPa]). The positive terminal of the generator is
connected to a pin anode using a high-voltage feedthrough
with 25 kV DC rating. The negative terminal of the generator
is connected to a grounded plane cathode mounted on the
flanged cap. The inter-electrode distance is 1.4 cm, and the
capacitance of the discharge cell electrodes, including the
high-voltage cable, was measured to be 10.4 pF.
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III. RESULTS & DISCUSSION

A. Operation & Energy Cascade Through the MPC
Generator

The operation of the pulse generator is described at a
pulse repetition frequency, v, of 1 kHz, a charging voltage
set point, Vps, of 200 V, and an external resistive load, Ry,
of 3 kQ. Fig. 5 shows the operation of the Control Block
along with the Primary Pulse Block. The nodes previously
identified in Fig. 3 are referenced hereafter.

The Control Block circuit produces a square pulse of
30V (At = 6.2 ps) applied to each of the S;-Ss gates,
which actions the transistor bank, and fully discharges C;
through Dy, S-S, and the primary winding of PT). It
should be noted that PS and C, charge C;, through L,
during the transistor off-time, and minimally discharge
during the transistor’s on-time, due to Ly’s high
inductance value. This can be seen in Fig. 5 (left) where
the total current through the IGBT stack reaches a value
of 190 A in an almost perfect half-sinusoid. This energy
charges C, through PT). Here, D, hinders the back current
of this resonant transfer, which may damage the IGBT
stack. In Fig. 5 (left) a slight reverse current can be
observed in [iggr, which is due to the reverse recovery
time of 200 ns for D,. Fig. 5 (right) shows the voltages at

nodes Ny, Ny, and Ny, respectively. Once the IGBT stack

is conducting, the voltages at nodes N, and Ny- collapse,
and the voltage at N, remains constant, thus demonstrating
the stability provided to Vps with Ly and Cy. Voltage Vyy-
is the voltage across the primary windings of PT}, which
rings down to the opposite polarity of the charging voltage
and transforms the 190 A peak-current pulse into an equal
duration voltage signal across Cs, up to 10 kV, as seen on
Fig. 6 (right). It should also be noted that a fraction of
C/’s charge remains on the capacitor at approximately 8
us.

Fig. 6 (left) shows as a reference the current through the
transistor stack (/jggr), as well as the current through the
primary (Ipry.pri) and secondary windings (/prs.sgc) of PT5.
Iigpr is shown again with the solid black line while Zpry_pr;
and Ipry.sec, are shown with the dashed and dot-dashed
lines respectively. Fig. 6 (right) shows the voltages at
nodes N,, Ny, and N; with the solid, dashed and dot-
dashed line styles, respectively. As Iigpr is flowing,
capacitor C, charges with current Iprpr; reaching a
maximum value of -4 A. Before MS, saturates, C, has
fully charged up to its maximum voltage of -10.5 kV, as
illustrated by trace Vnp,, and then discharges through the
primary windings of P75, with a current of over 27 A with
a duration of ~1 ps. The voltage across the secondary
windings of PT,, illustrated by V», is stepped up by PT,
and charges C;, shown with Vy3, up to a voltage of 10 kV.
The visible increase in Vy; from 0 to 2.5 us, corresponds
to the time during which PT, has not yet saturated, and

part of the energy stored in C; is transferred to C;. Despite the
loss, this energy is used to reverse the direction of P7,’s
magnetic flux, which enhances the main charge transfer, up to
10 kV, occurring from 7 to 8 us. The negative value in Ipry_sgc
that occurs at 8 ps results from MS) saturating.

Fig. 7 (left) shows the voltages at circuit nodes Ny,, Nap, Nsa,
and Ns,. Fig. 7 (right) shows the voltage at node Ng,
corresponding to the generator’s output. Once C; has charged
up to 10 kV, magnetic switch MS, saturates, as indicated by
the steep fall time of Vy; at 7.8 us on Fig. 6 (right), and
cascades the energy stored in C; through two parallel branches
(a & b). Capacitors C4, and Cy, are then charged up to 6.8 kV,
where they store this energy for 500 ns, in a similar manner,
until magnetic switch MS, saturates and cascades the energy to
Cs, and Cs, over 150 ns. These voltages, which are also the
voltages at the primaries of PT3, and PTjp,, are individually
stepped up and added to create the final output voltage pulse
with amplitude 29 kV, and full width at half maximum
(FWHM) of 90 ns.

B. Noteworthy Design Considerations

Impedance matching, from stage-to-stage inside the
generator, was applied to obtain the same effective
capacitance with the relation C, = (N« 1/Nn)2C,,+ 1 [21]. Due to
the non-ideal efficiency of the pulse transformers and
magnetic switches, either the upstream capacitor value was
increased, or the downstream one decreased, from the
prescribed values to accommodate for this.

During the MPC cycle, PT) never fully saturates. Its partial
saturation is driven by PT,’s saturation, which is driven by
MS;’s saturation. Therefore, only a fraction of the energy
stored in C, is used to reverse the direction of the magnetic
flux in PTy, as can be seen on Fig. 6 (right). This is a possible
explanation for the remaining charge on Cj, as seen in Fig. 5
(right).

The observed holding-time of ~500 ns on C, arises from
minimizing the leakage inductance of MS, by covering its
entire magnetic material volume with the parallel branch
configuration. Also, the use of parallel branches focuses on the
maximization of the step-up efficiency of PTzpp. A
maximum number of turns on both the primary and secondary
produce a fast switching time and high voltage step-up ratio. It
should be noted that a fixed number of turns on the primary
would yield a holding time equal to that of MS,’s switching
time for an optimized output. Consequently, the parallel
branch inductors MS;, and MS, were synchronized to drive
equal amounts of power in a more robust manner.

As a final design consideration, the maximum attainable
pulse repetition rate, Vi, is a function of the available power
from PS, and the efficiency loss with increased temperature of
the transistor bank and magnetic cores. The quality and
performance of the magnetic switching may degrade with
increased frequency due to the decrease in the magnetic
material’s permeability and an increase in impedance. Here,
Vmax, Was limited to ~7 kHz for the present generator, as PS
was the limiting factor.
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C. Resistive Load Operation

Fig. 8 shows the output of the pulse generator into
various resistive loads. It should be noted that the external
load of 5 MQ consists of the circuit with only the internal
stabilizing resistor Rg. Since only the output of the pulse
generator is analyzed in this section, the new time scale
reference will be the time at which the rising edge of the
output voltage reaches a value of 1kV. As the load
impedance increases, the output voltage signal transits
from a unipolar pulse to a bipolar pulse. This effect is
more readily observable for higher load impedances
where higher charging voltages are used. The bipolar
nature of the pulse occurs, for increasing load
impedances, as P73, and PT3, saturate when no more
current can be passed through the load. At this point, there
is only a LC circuit made up of the series windings of
PT3, and PT3p, which short-circuit the generator’s output
prompting LC resonance, as occurs in an open-secondary
transformer output. If larger cores of this magnetic
material were available, fewer windings would be
required to reach the desired voltage at the output,
decreasing both the capacitance and inductance of the LC
circuit. The output voltage can be controlled by varying
the input voltage of PS, as seen in Fig. 8.

Fig. 9 shows the peak voltage (left), V,, and pulse
duration at FWHM (right), Trwum, of the generator’s
output signal for all external loads tested at different
charging voltages. The values of V, and Tewum for R =5
MQ are used to identify the final point of the trend in the
effect of the load on the generator’s output. It should be
noted that no voltage measurements for R = 5 MQ and
Vps = 210 V were performed as the generator’s output
would exceed the voltage rating of the P6015A probe. V),
increases to the final value of the open circuit until no
more potential may be created. Tpwym increases as a
function of the increasing load, with the highest values
occurring for the lowest charging voltages. As the
charging voltage increases, the pulse width decreases due
to shorter switching times and holding times of the
magnetic switches caused by a greater discharge current
of Iigpr over the same time. The rise time is linked to the
saturation of MS,, while the fall time is produced by the
saturation of PT3,py. It may be observed that Tewuwm is
almost constant for R = 3 kQ. The spread of Tewy for a
fixed load impedance increases as the load deviates from
the 3 kQ point, indicating that the generator’s output is
matched for this load.

D. Energy Deposition

Fig. 10 shows the instantaneous power delivered to the
load (left) and cumulative energy deposition (right), both
for an external resistive load of 3 kQ. The maximum
instantaneous peak power obtained is 220 kW, and the
maximum energy delivered per pulse is 13.5 mJ.

Fig. 11 shows the energy deposited per pulse of the

generator for all the resistive loads and voltage set points of
voltage source PS. The energy per pulse is calculated with (1).

E,.=[Vo1wd (1)

The maximum attainable power output of the generator
occurs for a load impedance of 3 kQ, further indicating the
matched output impedance of the generator ranging around
this value. As the load impedance increases, the coupled
energy diminishes since a bipolar signal is produced at the
output of the generator, with the negative polarity pulse short-
circuited to the ground.

E. Diffuse Plasma Generation

As touched upon in the introduction, PAC and PAI are
promising applications of processing plasmas, promoting a
more complete and efficient combustion process [22][23].
These technologies are being researched to reduce the
formation of harmful pollutants such as NOy, SOy, and CO
commonly produced by flames [24]. Despite the majority of
combustion reactions taking place at atmospheric pressure and
above, most of the research on PAC has focused on low-
pressure conditions (25-300 Torr [3.3-40 kPa]) for the
aerospace industry [25][26]. PAC at atmospheric pressure has
mainly focused on the use of nanosecond pulsed spark
discharges to thermally stabilize flames, and extend their lean
flammability limit [27][28]. Spark discharges increase the
translational temperature of atmospheric-pressure air by
several thousands of Kelvin [29], and increase the production
of NO when applied to combustion enhancement [30]. Recent
work has made use of diffuse plasmas at atmospheric pressure
to increase the blow-off velocity of laminar premixed flames
[31], and to activate the unburned fuel stream of diffusion
flames [32]. For the successful implementation of PAC in
high-pressure environments, such as gas turbines, a sufficient
pool of radicals must be generated while avoiding the
temperature increase brought on by the spark discharge.

In this work, diffuse plasma volumes were produced using
the MPC generator. The external resistive load, R, was
replaced with the gas discharge cell, as presented in Fig. 4.
The discharge cell was initially filled with extra-dry
compressed air to a prescribed initial pressure (0, 4, or 8 psig
[101, 128, or 156 kPa]) and then sealed off. For each of these
pressure settings, the peak voltage of the pulse generator was
gradually increased to reach the maximum permissible value
for the diffuse plasma regime, avoiding the transition to a
spark discharge. As expected, the peak voltage required for
spark formation increased, as pressure increased in the gas
discharge cell. These voltage levels are defined as V1, Vpo,
and V3. Once the peak voltage was reached, the pressure was
gradually increased in increments of 2 psi (13.8 kPa) until
extinction of the plasma, as verified with digital photography,
with an exposure time of 2 s. Fig. 12 shows a series of digital
images illustrating the appearance of the diffuse plasma
generated in air for a pulse repetition frequency of 1 kHz.
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This data show a decaying energy input per pulse as a
function of the cell pressure. This trend is to be expected
with an increased number of collisions and recombination
reactions occurring per unit time. Although the generation
of diffuse plasma through the application of pulsed power
can be heavily device-specific (electrode material and
geometry, pulse rise-time, duration, and frequency, etc.),
these results are a representative description of the plasma
regimes possible in high-pressure air. These results show
promise for the generation of plasma, as a radical pool, in
high-pressure environments, for the enhancement of fuel
oxidation chemistry.

IV. CONCLUSION

The architecture and operating principles of a novel
(approximately 1000 USD), high-voltage nanosecond
pulse generator intended for the generation of diffuse
high-pressure plasma volumes in reactive gases is
presented. The characteristics of the generator’s output
voltage and current, and the energy delivered to various
resistive loads are reported. The energy per pulse of the
discharge is calculated as a function of the pressure in the
discharge cell, where a decreasing trend is observed.
Diffuse plasma volumes can be sustained in air at 26 psig,
at a pulse repetition frequency of 1 kHz, a peak voltage of
23 kV, and a deposited energy of 733 pJ/pulse. These
results show promise for the implementation of non-
equilibrium PAC at atmospheric pressure and above.
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Fig. 8. Output voltage of the MPC generator across 3 kQ (left), 10 kQ (center), and 5 MQ (right) loads.
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Fig. 12. Digital photographs of the diffuse plasma volumes formed in air at 1 kHz. Each row shows the evolution of the discharge volume
with increasing pressure (left to right), for a given excitation waveform (V},, Vo, and Vp3).
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Fig. 13. Applied voltage pulses at the glow limit (left) and the energy deposited per pulse (right).



