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Abstract

High intensity (~ 2.5 MV/m) short duration (ns &
sub-ns) pulses can affect the intracellular structures
without adversely affecting the outer cell membrane. An
interesting effect of such pulses is apoptosis or
programmed cell death. Generation of high voltage short
duration pulses require fast switches and one or more
pulse compression sections. Blumlein pulsed forming
networks (PFN) are the most common circuit topology
used for short pulse generation. The pulse shape and the
rise/fall time of the pulse delivered to the load, depends
on the response time of the switch and the characteristics
of the Blumlein. Traditionally, the transmission line
structures used in the Blumlein are modeled as ideal
elements. At shorter pulse widths, the Blumlein models
must account for the input and output edge effects, the
distributed nature of the load, and the effects at Blumlein-
load interface. A simple spice model is generated to
simulate the edge effects of short Blumleins, and it is
shown that the edge effects limits the achievable
minimum pulse width and rise/fall times. Further
improvements required in the spice model for shorter
pulse lengths are also discussed.

INTRODUCTION

High-intensity pulsed electric fields have found
numerous applications in medical fields e.g. for delivery
of chemotherapeutic drugs into tumor cells, for gene
therapy, for transdermal drug delivery, and for bacterial
decontamination of water and liquid foods [1]. A new
area of research steadily gaining acceptance is the
intracellular effects at pulses shorter than ~ 1 us. Pulses
much shorter than ~ 1 ps can effect the intracellular
structures without adversely affecting the outer cell
membrane (electroperturbation) [2][3]. An interesting
effect of short duration pulses (few ns to sub-ns) and ~ 2.5
MV/m amplitude is the triggering of apoptosis or
programmed cell death.

Generation of high voltage short duration pulses require
a fast switch and a pulse compression section. The pulse
shape and rise/fall time of the delivered pulse depends on
the response time of the switch and the characteristics of
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the pulse compression (or delivery) section. Most
common switch types used in pulsed power applications
are reed, spark gap and solid-state. There are numerous
types of pulse compression topologies that are able to
deliver ns to sub-ns rise/fall time pulses. Blumlein and
other Pulsed forming line (PFL) configuration are by far
the most common circuit topology for short pulse
generation, regardless of the switch type.

Traditionally, Blumlein transmission lines are modeled
as ideal transmission line elements. For shorter pulsed
widths, in the order of few ns and shorter, the Blumlein
model must account for the non-ideal nature of the
transmission line, the input and output edge effects and
the distributed nature of the load.

I. BACKGROUND

A. Spark gap spice model

Previous research on modeling of spark gap switches
identified 3 stages of spark gap discharge; Breakdown,
Arc and Glow discharge. When the spark gap achieved
the breakdown voltage a high current can flow up to
several hundred ns, as energy stored in the capacitance of
the Blumlein PFL, secondary wires and spark gap is
rapidly discharged. When a spark gap is used together
with a Blumlein as a fast closing switch, one only needs
to concentrate on the behavior of the switch up to a few ns
after it achieves the breakdown voltage. As arc and glow
discharge is ignored.

In it’s off state, a parallel RC combination models the
small leakage current and spark gap capacitance. The
transition from the off state to the on stage occurs when
the applied voltage exceeds the threshold [4]. At
breakdown, the fall time of the gap is determined by the
resistive and inductive terms [5]. Previous research on
high-pressure gas spark gaps have achieved rise times less
than 100 ps [S]. These research suggest that a spark gaps
are able to achieve the sub-ns switching speeds required
for ns and sub-ns pulse widths.

B. Simple Blumlein model

A Blumlein is a transmission line configuration that
delivers a charge voltage into a matched load. For
example, Figure 1 shows a 2-transmission line Blumlein.
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The configuration includes two identical transmission
lines connected in series with the load. Each individual
line has a characteristic impedance half that of the load.
Electrical length of each transmission line is half the
desired output pulse length. The physical length depends
on the wave propagation speed in the dielectric medium
storing the energy.

For long pulses, the simple ideal 2-transmission line
model adequately estimates the pulse width and shape.
The output pulse width is twice the propagation delay of
each individual transmission line and the pulse rise and
fall times are equal to the fall-time of the input step. The
transmission line propagation delay is governed by the
dielectric constant of the insulator material (medium).
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Figure 1. 2-Transmission line Blumlein
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Figure 2. 3.8 inch (5 ns) Blumlein model and simulated

output wave form

The simulated output waveform for 5.0 ns water
Blumlein is shown in Figure 2. The Blumlein is designed
as a parallel plate structure. The parallel plates structure is
selected over strip line, coaxial and tri-axial transmission
line structure, because when the parallel plate Blumlein is
used together with a standard electroporation cuvette,
there is no change in the electric field vector at the
interface between the Blumlein and the load.

In Figure 2, the middle plate behaves as the common
ground plane. The spark gap is placed between the top
and middle plates, while the load is placed at the apposite
end between the top and bottom plates. The parallel plate
structure uses 100 mil thick metal plates immersed in
water with 110 mil plate separation. The width and length
of the metal plates are 800 mil and 3.8 inches
respectively. A 10 Q resistor models the load and a
discrete voltage source with a 500 ps rise/fall step models
the spark gap. The simulation also assumes a dielectric
constant of 80 (&, = 80) and negligible dispersion ("= 0).
As expected, the output pulse width is 5.0 ns, and the
pulse rise/fall times are equal to the input voltage step.
The simulation result agrees with the simple ideal
transmission line model.

II. BLUMLEIN MODELING FOR NANO-
SECOND PULSES

The simple Blumlein model of the previous section
assumes negligible edge effects and a simple lumped
element load. At shorter pulse widths, input/output edge
effects as well as dielectric dispersion must be taken into
account. In addition, for accurate modeling, the
distributed nature of the biological load must also be
analyzed. Figure 3 shows the output waveform for a water
Blumlein sized to generate a 1.0 ns pulse to a 10 Q load.
As seen in the figure, compared to the ideal transmission
line model, there is a 50% increase in the pulse width. The
pulse rise/fall times are also greater than the input step of
0.5 ns. The disparity between the simulated waveform and
the ideal transmission line model is due to the input and
output edge effects.

(@) (b.)

L Elesut Vel Tore Sapush

—
| 155ns \\

Time/ns
Figure 3. 750 mil Blumlein model and simulated
output wave form illustrating the impact of edge
effects at shorter pulse widths.
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Figure 4. The initial semi-circular outward propagating
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Figure 5. The input waveform boundary as the wave

propagates through the primary transmission line.

The most profound impact of shorter pulse widths is
seen at the input. Since the spark gap is a point source

located at the input, an outward propagating semi-

circular

The effect of intentional reflections within the Blumlein
is shown in Figure 6. As seen in the figure, having an
impedance mismatch at the input improves the pulsed
shape. Further research is required to investigate the
possibility of using internal reflections within the
transmission lines to improve the pulse shape.

C. Blumlein with cuvette load

The load is a standard electroporation cuvette. The
electrode area is 1 cm x 2.5 cm, and the electrode gap is 1
mm. It is filled with a nutrient solution in which the cells
are suspended. The water based solution conductivity is ~
1.3 S/m. The dielectric constant of the solution is close to

that of water (€, = 82). For longer pulse widths the load
behaves as a parallel RC lumped element, where R ~ 10
Q, C~55pF.
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Figure 7. Blumlein with cuvette load.

waveform is initially generated at the input (Figure 4). As
the wave propagates through the primary transmission
line, the wave boundary becomes similar to the steady
state transmission assumption (Figure 5). The length at il
which the semi-circular boundary changes to a straight i
boundary, which can be modeled by a simple parallel
plate transmission line, depends on the width of the

transmission line plates. / \
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B. Contoured structures for improving pulse shape 0 X
Investigation of the injected current at the input

suggests that it may be possible to improve the pulse by

intentionally including internal reflections in the 05
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Figure 6. Pulse shape improvement using internal
reflections.
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Figure 9. Pulse propagation through the cuvette load.

On the other hand, for shorter pulse width, the cuvette
load must be modeled as a distributed lossy element. The
distributed nature of the cuvette load at pulse widths < 2.0
ns is examined in Figure 7 - Figure 9. Figure 7 shows the
Blumlein with the cuvette load. The comparison between
the voltage pulse at the beginning and endpoints of the
cuvette are given in Figure 8. As seen in the figure, there
is a difference between the pulse shapes at cuvette load
boundaries. As the pulse width reduces further, the
voltage difference between the voltages at the endpoints
should become more profound.

C. Impact of permitivity on the pulse shape

The previous observations suggest that the transmission
line length (plate length) must be increased to minimize
the edge effects. A possible approach is to replace water
with a dielectric medium with a lower dielectric constant.
For lower dielectric constants, to maintain the
characteristic impedance, the plate width must be
increased or the plate spacing must be reduced. The
minimum plate spacing is governed by the electric field
breakdown strength of the dielectric medium. A simpler
approach is to increase the metal plate width. Any
increase in the metal plate width can offsets the pulse
width improvement achieved through the increased
transmission line length.

Figure 10 shows the output pulse waveform for a 2.75
inch Blumlein with a dielectric with dielectric constant of
20 (g, = 20). Figure 11 shows the output pulse waveform
when the length is reduced to 2 inches. These figures
show that reducing the dielectric constant is unable to
significantly improve the pulse shape at ns pulse widths.
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Figure 10. Pulse shape for a 2.75 inch Blumlein with
dielectric medium with €, = 20.
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Figure 11. Pulse shape for a 2 inch Blumlein with
dielectric medium with €, = 20.

C. Impact of dispersion

At frequencies in the order of few GHz water has
significant dispersion (€"# 0). For shorter pulse widths, it
is important to ensure that the dispersion effects have
negligible effect on the pulse shape. With finite
dispersion, energy will be dissipated as the wave
propagates through the transmission lines. As the
dispersion increases a greater impact will be seen on the
falling edge of the pulse (second edge). For higher
dispersion the pulse shape will be distorted. The
dispersion effects for the dielectric medium are modeled
using conductance. In order to reduce the edge effects, the
dispersion effects are model for a dielectric medium with
a relative permitivity of 20. A 2.75 inch Blumlein length
is selected for the simulation. Figure 12 shows the pulse
shape for a conductivity of 0.01 S/m and Figure 13 shows
the pulse shape for a conductivity of 0.1 S/m. As seen in
Figure 12 conductivity less than 0.01 S/m have negligible
effects on the pulse output. These results suggest that the
dispersion (effective conductivity) must be taken into
account at ns pulse widths to ensure proper operation.
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Figure 12. Pulse shape for 6 =0.01 S/m.
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Figure 13. Pulse shape for 6 = 0.1 S/m.

I1II. IMPROVED BLUMLEIN SPICE
MODELS

In the previous section it was shown that edge effects
significantly alter the pulse shape for shorter Blumlein
lengths. The edge effect impact at the input can be
partially modeled by observing the injected input current.
Figure 14 shows the injected current for Blumlein in
Figure 3.

Closer inspection of the injected waveform suggests
that the edge effects of the primary transformer can be
modeled in spice using a series inductance at the input
(Figure 15). The inductor included at the input to account
for the input edge effects will be defined as the edge
effect inductor (Lgpgg). Including the inductance at the
input inhibits the immediate change in the input current.
For subsequent reflections, a finite impedance is seen at
the input instead of an ideal short to ground.
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Figure 14. Injected current at the input (spark gap).
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Figure 15. 2-Transmission line Blumlein with input edge
effect inductor.

Figure 16 shows the effect of including a series inductor
at the input. As seen in the figure, the series inductance is
able to successfully account for the edge effects. In order
to accurately model the edge effects using Lgpgg it is
essential to select the proper magnitude. A smaller value
of inductance underestimates the edge effect while a
larger magnitude overestimates the edge effect. Lgpgg is
in series with the parasitic inductance associated with the
spark gap and reducing the spark gap inductance below
that of Lgpgg does not improve the pulse shape or the
width.
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Figure 16. Impact of including Lgpg, at the input.

Parasitic shunt capacitance is used at the load to model
any edge effects at the load. This capacitance is parallel to



the 55 pF capacitance of the biomedium. At the open-end
of the secondary transmission line, large frequency
dependent impedance is seen due to edge effects. An
additional parasitic capacitor (Cgpgg) is placed at the open
end of the secondary transmission line to account for this
edge effect. Similar to the Lgpgg, Cepgg magnitude must
also be increased for shorter transmission lines.

IV. SUMMARY

We have described the modeling of power systems for
biomedical applications. The work primarily concentrated
on the issues related to the design of nano-second
Blumlein pulses. The modeling of Blumleins shows that
there is significant pulse shape distortion due to the edge
effects at shorter transmission line lengths. Pulse
distortion due to edge effects at shorter transmission lines
is identified as a significant bottleneck to generating
nano-second and sub-nano second pulses.

For first order, it is shown that the transmission line
edge effects of nano-second Blumlein structures can be
modeled using an input series inductance and output shunt
capacitance. The spice model can be further improved by
dividing the ideal transmission line into smaller
transmission lines with appropriate characteristic
impedances. The multiple transmission line model
accounts for the irregular wave propagation from the
spark gap (point source) at the input.

This work also identified that for shorter pulses the
pulse shape can be improved with the use of internal
reflections within the transmission lines. The use of
mismatch improves the rise/fall time of the output pulse
through double peaking. In addition the issues related to
the use of lower dielectric constant mediums and the
impact of dispersion is also discussed.
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