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Abstract— This article was invited in order to summarize for
the special edition of a Plenary Review presentation at the IEEE
ICOPS/PPC meeting, June 23 2019 by M. Gundersen. It is a
review of research conducted into primarily academic environ-
ments in nanosecond pulsed power, applications of the pulsed
power research to bioelectrics, and combustion and ignition over
a period of ≈45 years. Research was conducted primarily at the
University of Southern California (USC), at Texas Tech University
(TTU), and through collaborations with other laboratories and
personnel. Pulsed power, applied on a nanosecond time scale, was
found to enable a range of new applications; several examples
are detailed below. The range of applications for research
based in short-pulse, or nanosecond pulsed power, and applied
plasma science, strongly encourage defining and supporting the
extension of programmatic research goals to beyond the academic
laboratories and into the commercial environment.

Index Terms— Apoptosis, applied plasma science, bioelectrics,
enhanced combustion, nanosecond pulsed power.

I. INTRODUCTION

THE IEEE Pulsed Power Conference was first held in
Lubbock, TX, USA, in November 9–11, 1976. The

general chairman was Tom R. Burkes, and Magne Kristiansen
was the co-chairman. This followed the first pulsed power
research efforts at Texas Tech University (TTU), initiated
when Professor Tom Burkes returned from a year and a
half at the then Air Force Weapons Lab in Albuquerque,
where he had worked on pulsed power generation, based on
thyratron technology, for airborne laser development. To my
(Martin Gundersen) knowledge, this was the first pulsed power
project (Sp 74) at TTU and was followed within a year by a
Los Alamos-funded project for both laser and pulsed power
development for laser isotope separation research.
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Fig. 1. BLT is an optically triggered pseudospark and is triggered by UV
light, provided by either a laser or UV-enhanced flash lamp, incident through a
window into the hollow cathode (at the bottom of the figure). The tubes shown
are: 1) laboratory-fabricated BLT switch similar in design to the drawing on
the left and 2) HY-5-type hydrogen thyratron with housekeeping necessary
for isolation of the cathode heater and other parts. Both will switch ≈5 kA,
the hold off voltage of the small lab switch is somewhat higher (≈30 kV).
The self-heated cathode of the BLT (and pseudospark) eliminates the need
for an external cathode heater. Ceramic-sealed pseudospark switches have
demonstrated lifetimes in excess of 100 million shots, operated at 5-kA, 150-
ns pulsewidth, and hold-off 25 kV.

One of the outcomes of these research activities was that
research into plasma-based switches, such as the hydrogen
thyratron, was an area with opportunities for extending the
understanding of underlying physics and subsequently led
to new thyratron-type switches, including the back-lighted
thyratron (BLT) at the University of Southern California
(USC), and independent work already underway in Europe into
pseudospark switches, including 100-kA switches developed
for CERN [1]. The thyratron, invented by Langmuir [2], was
only extended to operation at high voltages by Germshausen’s
innovations in hydrogen-based thyratrons [3], achieving high
stand-off voltage (1–100 kV) by operating on the left-hand side
of a Paschen curve - that is, positioning the anode to within
3 mm of the grid [1]. Typical commercial thyratron developed
for voltages in the >10 kV and 100-A–5-kA ranges, employed
pressures in the range of ≈0.5 Torr. The cathode was typically
an oxide-based paste, such as BaO, on a Ni substrate, heated,
and H pressure was maintained by separately heating a Ti strip
with embedded H.

The pseudospark and BLT were able to reduce these
housekeeping requirements by means of a self-heating mech-
anism for the cathode, which produced high current emission
(≥104 A) over a macroscopic area ≈1 cm2 from the surface of
a refractory metal such as Mo. By reaching the melting point
of Mo, it was possible to achieve thermionic emission well in
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Fig. 2. Typical of large pulsed power—the famous older version of the
Sandia “Z” Machine.

Fig. 3. Example of a commercial pulsed generator used for TPI applications
(www.transientplasmasystems.com); width 10–20 ns, 5–40 kV.

Fig. 4. With the exception of the small pulse generator on the far right, these
pulse generators were designed and built at USC as part of ongoing research
pulsed power studies, and for various applications, typically in combustion
and ignition. The pulse generator on the far right was designed and fabricated
by Transient Plasma Systems (www.transientplasmasystems.com). A variety
of smaller pulse generators were designed and built for bioelectrics research
(not shown here).

excess of oxide cathodes, even though the work function was
larger by about a factor of 2 (see Fig. 1) [4]. This served as a
stimulus for considering other miniaturization possibilities and
resulted in research efforts that more and more were directed
toward pulsed power that could be reduced in size and weight.

A. Evolution to Miniaturized Pulsed Power

Pulsed power is often considered in terms of large pulse gen-
erators, such as the famous version of the Z machine at Sandia
National Labs (SNL) (Fig. 2). However, partially as a result
of the work conducted on devices such as the pseudospark
and BLT, the USC research effort became largely redirected
to both smaller versions of pulsed power generators and to
resulting applications. This has resulted in commercialization
of several of the applications (e.g., Fig. 3).

B. Emissions and Ignition Applications

Fig. 4 shows an evolution of pulse generators (developed
primarily at USC) for the generation of high voltage pulses
(1–100 kV) into matched and sometimes very useful loads.

Fig. 5. Efficient remediation enabled by using short pulses (<50 ns). Energy
cost achieved <10 eV/molecule which was <5% engine energy (Kirkman and
Yampolsky, IAP study) [5].

Fig. 6. Comparison of transient plasma and spark: An array of streamers is
formed during the first few nanoseconds. After ≈100 ns, a transition to an
arc occurs [10].

Examples of this included the development of pulsed power
technology for emissions remediation and for the ignition of
fuel–air mixtures. The idea for coupling short pulse technology
with emissions remediation came about during a study of
diesel emissions using a tall reactor (see Fig. 5), where it was
observed that NO conversion to NO2 by plasma generation
improved by orders of magnitude in terms of energy cost by
shortening the driving pulse. This resulted in studies at USC
and a patent for using short pulse technology for these applica-
tions [6]. This required parallel research efforts to: 1) develop
pulse generators capable of operating at higher voltages yet
persisting for <50 (currently ≈10) ns and 2) researching
various applications, including ignition as well as emissions
remediation. For a recent nontechnical report on ignition
applications, see [7].

A key result is shown in Fig. 6 where the character of
the arc is seen to change dramatically as the pulselength
is changed from <50 to >100 ns. This has the effect of
changing the volume of the excitation, and the streamers
have different energy distributions, inhomogeneous in time and
space. One important characteristic is that there is a larger
fraction of energetic electrons at very early times. Electrons
equilibrate rapidly, and electron energies in the arc that forms
over 100-ns couple strongly to vibrational and rotational states
of molecules and dissipate their energy as heat. Low-energy
electrons (<2 eV) are undesirable for applications enhanced
by higher radical and ion populations. These electrons do
not transfer energy efficiently to electronically excited species
with cross sections that have much higher energy thresholds.
It is noteworthy that these differences in properties of tran-
sient plasma and arc discharge appear in smaller electrode
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Fig. 7. Streamers generated via a 60-kV, 20-ns pulse, using a modified spark
plug at Nissan Research Laboratories [10].

configurations as well (see Fig. 7) [1]. More work on Transient
Plasma Ignition (TPI) can be found in [8]–[18].

C. Transient Plasma Remediation

The group initiated work on remediation first with a
BLT-driven dielectric barrier discharge (DBD) device supplied
by L. Rosocha at Los Alamos (unpublished). Exploration
of other configurations led to several important conclu-
sions, perhaps the most important being that using very
short pulses (<50, and more recently <20 ns) led to large
(>100× improvements in efficiencies of NOX conversion
(measured as energy cost of NO → NO2). The most impor-
tant clue in this direction came during observation by the
author (Martin Gundersen) of an experiment being conducted
under an SBIR with DOE support at Integrated Applied
Physics (IAP) in 1994–1995 by Kirkman [5]. The experimental
apparatus is shown in Fig. 5. Specifically, it was noticed
that during operation with shorter pulsed fields applied to
the reactor, less light was emitted, although NOx removal
efficiency improved. This suggested to Martin Gundersen that
a higher electric field extended throughout the volume of the
≈6 m × 0.3 m reactor, producing a larger fraction of higher
energy electrons and that these more energetic electrons were
responsible for producing excited electronic species that were
more reactive.

Over time, this led to many experiments studying both
remediation and other aspects of combustion, such as ignition
in pulse detonation engines (PDEs), gasoline engines, a range
of fuels, and other applications [17]–[42]. Studies in the late
1990s demonstrated these effects explicitly (see Fig. 8) [6].

Several other research groups have shown effective NOx

remediation using various plasma treatment approaches [34],
[43]–[45]. While the detailed chemical pathways associated
with these plasma-based processes are not fully understood,
Fig. 9(b) shows some of the possible chemical pathways. Here,
the major products include NO2, N2O, N2O5, N2, HNO2, and
HNO3, and all of these possess unique vibrational signatures
that can be identified using various forms of spectroscopy
[46]–[48]. The radicals assisting each reaction are shown
next to the corresponding arrow. The reaction of NO with
oxygen radicals are believed to be the dominant reaction for
remediation. However, the back reaction of N with NO2, and
the reaction of O3 with NO2 replenish NO.

Fig. 8. USC data on energy cost for NOx conversion as a function
of pulsewidth and reactor type. These data demonstrated that a short
pulse configuration using a simple discharge could overcome efficiency
limitations experienced with earlier pulsed discharges with longer pulse
characteristics [6], [50].

Fig. 9. (a) Comparison of the NO removal efficiency of the proposed
nanosecond pulse discharge technology with pulsed corona discharge and
DBD reactors [49]. (b) Possible chemical pathways for NO remediation via
plasma-based treatment.

RF-based plasma reactors have been investigated for
pollution remediation for several decades. However, nanosec-
ond pulsed plasma consumes less energy in the creation
of the plasma. Fig. 9(a) shows a comparison of the NO
removal efficiency of the nanosecond pulse discharge approach
with (microsecond) pulsed corona discharge and DBD reac-
tors [49] in part because the energy required is less due
to very short pulselength. Challenges that lie ahead include
selective control of these pathways possibly by introducing a
catalytically active surface in the plasma.

D. Challenge: Nanosecond Pulsed Power and Its
Applications

Results such as these created an important challenge: To
adapt through R&D nanosecond pulsed power to emerging
research in combustion, remediation, and bioelectrics. For
example, the streamers shown in Fig. 7 (modified spark
ignition) were part of a collaborative research effort with
Nissan Corp. to study the effect on gasoline engine ignition
(see Fig. 10). It was found that using TPI in an inter-
nal combustion engine resulted in ≥20% increase in peak
pressure using less energy, 57 versus 80 mJ, faster flame
propagation.

In a study directed toward aerospace applications, the igni-
tion of fuel air mixtures in PDEs was examined. An illustration
of the PDE is shown in Fig. 11.
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Fig. 10. Pressure versus crank angle, for a spark, 100-ns pulse, and 20-ns
pulse, � = 0.72. Results of research conducted in collaboration with Nissan
Research Laboratories [10].

Fig. 11. Typical experimental setup for PDE. The experimental setup shown
was used for collaborative studies at the Naval Postgraduate School and is
described in more detail in [8].

E. Biomedical Applications

As a consequence of dielectric and Maxwell–Wagner charg-
ing, cell membranes are the primary targets when biological
systems (cells, tissues, organisms) are exposed to pulsed elec-
tric fields. Pulses that are long enough and fields that are strong
enough can permeabilize membranes irreversibly, killing cells
and ablating tissues. Properly controlled, sublethal pulses can
reversibly permeabilize membranes, allowing transport of nor-
mally impermeant material (pharmacological or genetic) for
therapeutic purposes. Intense pulses in the nanosecond regime
can modulate the permeability of intracellular membranes
(mitochondria, endoplasmic reticulum, etc.) as well as the
plasma membrane that encloses the cell [51], [52].

Traditional electrical pulse technology for biomedicine
operates in the microsecond or millisecond range. In the 1990s,
nanosecond pulse generators for biological loads were not
commercially available, so research in this area was initiated
in pulsed power laboratories using custom pulse generators
and delivery systems [53]–[56].

Fig. 12. Overview of program elements for an extended program in pulsed
power research directed toward benefits accruing from the application of
short (ns) pulses.

In addition to analyses based on continuum electrostatics
models of cells in electric fields, molecular modeling was
required to reveal how electrical stress restructures cell mem-
branes on nanosecond time and nanometer distance scales
through formation of water defects and their evolution into
lipid electropores, with associated loss of normal physiological
asymmetry of membrane lipid bilayers [57]–[59].

After it was shown that nanosecond pulses can kill tumor
cells by inducing apoptosis (a programmed cell death) [60],
considerable effort has been devoted to the development of
cancer therapies based on this technology [61]–[66].

Nanosecond pulses also provide unique stimuli for elec-
trically active cells like cardiomyocytes [67], neurons [68],
and adrenal chromaffin cells [69], with the potential for appli-
cations in cardiac regulation [70], pain control, and remote
stimulation [71].

Nanosecond pulsed power is also used in the generation
of atmospheric-pressure, ambient-temperature plasmas
for decontamination, sterilization, and applications in
biomedicine [72]–[75].

II. CONCLUSION

These results strongly support implementing a comprehen-
sive strategy for R&D. An example of a strategy is illus-
trated in Fig. 12. Successful development of the innovations
in plasma science and “little” pulsed power requires work
that extends well beyond tabletop experiments. They are
large, complicated, and expensive projects requiring extensive
engineering, time, testing, and collaboration with industries.
Strategies should be pursued that are long range and recognize
the role of engineering development.

APPENDIX

Professor Tom Burkes was the General Chair of the First
Pulsed Power Conference (1976). This was followed within a
year by a Los Alamos funded project for both laser and pulsed
power development for laser isotope separation research led
by Dr. Burkes and Martin Gundersen. The now world class
pulsed power program at TTU started at this time. One of
us (Martin Gundersen) was fortunate enough to be a fresh
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Fig. 13. TTU Electrical Engineering Professor Tom R. Burkes (1937–1998).

Assistant Professor at TTU at this time. Burkes contributions
were incredibly important. Tom’s early contributions deserve
recognition—he was a gifted teacher and generous collabo-
rator and several of his students formed the first cohort of
engineers transitioning to the national labs. The IEEE Power
Modulator Conference student award is named for him, and
details of his background can be found in [76].
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