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Introduction

 Pulsed power technology is an area of interest to physicists and engineers in 
fields requiring high voltages and large currents.

 Modern pulsed power runs the gamut from its historical roots in flash 
radiography, X-ray generation, and the simulation of weapons effects, such as 
nuclear electromagnetic pulse (EMP), to packaged pulsed power for directed 
energy weapons and biological and medical applications. New applications and 
techniques continue to emerge.

 References

 J. Lehr and P. Ron, Foundations of Pulsed Power Technology, IEEE Press (2017).
 H. Bluhm, Pulsed Power Systems: Principles and Applications, Springer (2006).
 G. A. Mesyats, Pulsed Power, Springer (2005).
 P. W. Smith, Transient Electronics: Pulsed Circuit Technology, John Wiley and Sons 

(2002).
 S. T. Pai and Qi Zhang, Introduction to High Power Pulse Technology, World Scientific 

(1995).
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Plasma: energy compression in space

Heat / Energy

 Generation of spatial region where energy state is higher than surroundings 
(tokamak, processing chamber, plasma jet)

 Generation of energetic particles, chemically active species

 Energy confinement (compression) in space
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Pulsed power: energy compression in time

 Pulsed Power Technology: the storage of electrical energy
over a relatively long time scale and its release in a short
duration to create very high power level

 Example: E = 1 kW x 1 sec = 1 kJ
P = 1 kJ / 1 us = 1 GW
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Features of pulsed power

High Power (大電力)
 Short rise time

 Short pulse width

 Focusing of high power in a narrow space

 Generation of high voltage and current

 New application of electromagnetic energy

 Pulsed power is a scheme where stored energy is discharged as electrical 
energy into a load in a single short pulse or as short pulses with a controllable 
repetition rate.
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Features of pulsed power

 Pulsed power is a special power conditioning technique that transforms the 
characteristics of the prime energy source to the electrical requirements of the 
load.

 Energy from a primary source is accumulated over a relatively long time scale 
and compressed into pulses of high instantaneous power.

 Several stages may be needed to fully exploit the time dependence of 
breakdown of insulating materials to deliver energy with the required time 
dependence and amplitude for the application.

 The resulting peak power delivered to the load has a large ratio of 
instantaneous-to-average power.
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Pulse shape parameters
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Typical waveform of repetitive pulses

𝐷𝐷(𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) =
𝑇𝑇𝑜𝑜𝑜𝑜

𝑇𝑇𝑜𝑜𝑜𝑜 + 𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜
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RF pulse
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Generation of high power pulses
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Pulsed power system

 Energy storage and fast switching play a key role in pulsed power technology.

 Requirements of energy storage device for pulsed power application

 High energy density
 High breakdown strength
 High discharge current capability
 Long storage time (low rate of energy leakage)
 High charging and discharging efficiency
 Large power multiplication (ratio of power during charging to power during 

discharging)
 Repetition rate capability and long lifetime
 Low specific cost
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Various energy storage devices
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Typical characteristics of energy storage devices
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Energy storage capacitor

 High-voltage capacitor  Supercapacitor (ultracapacitor)
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Inside a high-voltage capacitor

 Dielectric materials
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Gas switches are commonly used

 Range of gas pressures and operating voltages

Paschen curve: air with 3 mm gap
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Typical configuration
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Spark gap switches

 Characteristics of spark gap switches

 Trigger: - Self-breakdown
- External trigger by electric pulse, laser, plasma, ptl. beam

 Important design parameters:

 The self-breakdown (hold-off) voltage
 The variance of breakdown voltage (probability of pre-breakdown)
 The operation range with reliability
 The jitter (time variance of ignition)
 The switching time (decay of impedance)
 The pre-breakdown inductance and capacitance
 The repetition rate capability
 The lifetime and cost
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Three-electrode field distortion spark gap
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Thyratron

 A thyratron is a type of gas filled tube used as a high energy electrical switch and 
controlled rectifier. Triode, tetrode and pentode variations of the thyratron have 
been manufactured in the past, though most are of the triode design.

 A thyratron is basically a "controlled gas rectifier". Irving Langmuir and G. S. 
Meikle of GE are usually cited as the first investigators to study controlled 
rectification in gas tubes, about 1914.
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Pseudospark switch

 The pseudospark switch, also known as a cold-cathode 
thyratron due to the similarities with regular thyratrons, 
is a gas-filled tube capable of high speed switching.

 Advantages of pseudospark switches include the ability 
to carry reverse currents (up to 100%), low pulse, high 
lifetime, and a high current rise of about 1012 A/sec.

 Since the cathode is not heated prior to switching, the 
standby power is approximately one order of magnitude 
lower than in thyratrons.

 However, pseudospark switches have undesired 
plasma phenomena at low peak currents. Issues such 
as current quenching, chopping, and impedance 
fluctuations occur at currents less than 2-3 kA while at 
very high peak currents (20-30 kA) a transition to a 
metal vapor arc occurs which leads to erosion of the 
electrodes.
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Ignitron switch

 An ignitron is a type of controlled rectifier dating from the 1930s. Invented by 
Joseph Slepian while employed by Westinghouse.

 An ignitron is a very high-current, high-voltage switch with a liquid mercury pool 
cathode (4) and an ignitor pin (3) dipping into the liquid-metal reservoir.

 It is usually a large steel container (6) with a pool of mercury in the bottom that 
acts as a cathode during operation.

 A large graphite or refractory metal cylinder, held above the pool by an insulated 
electrical connection (5), serves as the anode (1).
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Solid-state switches

 With progresses in power electronics, the solid-state devices (thyristors, IGBTs, 
MOSFETs) are rapidly replacing the conventional gas switches in pulsed power 
engineering.

N. Mohan, et al.,” Power Electronics” (1995)

• Power Diode

• BJT (Bipolar Junction Transistor)

• MOSFET (Metal Oxide 
Semiconductor Field Effect Transistor)

• Thyristor

• GTO (Gate Turn-off Thyristor)

• IGBT (Insulated Gate Bipolar 
Transistor)
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Thyristor (SCR, silicon-controlled rectifier)

 The thyristor is a four-layer, three terminal semiconducting device, with each 
layer consisting of alternately N-type or P-type material, for example P-N-P-N.

 The main terminals, labeled anode and cathode, are across the full four layers, 
and the control terminal, called the gate, is attached to p-type material near to 
the cathode.

 The operation of a thyristor can be understood in terms of a pair of tightly 
coupled bipolar junction transistors, arranged to cause the self-latching action.
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Thyristor for pulsed power (high di/dt)

 Laser triggered thyristor

 Gate turn-off (GTO) thyristor
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IGBT and MOSFET

 The insulated-gate bipolar transistor (IGBT) combines the advantages of bipolar 
transistors (low resistance in the switch-on state) with those of field effect 
transistors (loss-free gate control).

 The metal–oxide–semiconductor field-effect transistor (MOSFET) is a type of 
field-effect transistor (FET), most commonly fabricated by the controlled 
oxidation of silicon. It has an insulated gate, whose voltage determines the 
conductivity of the device.

https://www.behlke.com/
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Magnetic switch

 Melville (1951) exploits the use of the nonlinearity of inductors to achieve fast 
switching in pulse generators.

 The basic concept is to drive sufficient current through a winding on a magnetic 
core such that the applied field 𝐻𝐻 produces a flux density 𝐵𝐵 in the core in excess 
of the core’s saturation flux.

 In doing so, the inductance of the winding changes from a relatively high value to 
a very low value and the inductor behaves as a magnetic switch.

𝑉𝑉 𝑡𝑡 = 𝑁𝑁
𝑑𝑑𝜙𝜙
𝑑𝑑𝑑𝑑

Δ𝐵𝐵 =
1
𝑁𝑁𝑁𝑁�0

𝑡𝑡𝑝𝑝
𝑉𝑉𝑝𝑝 𝑡𝑡 𝑑𝑑𝑑𝑑 ≈

𝑉𝑉𝑝𝑝𝑡𝑡𝑝𝑝
𝑁𝑁𝑁𝑁
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Summary of closing switches
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Pulse forming line (PFL)

 There are numerous applications in both physics and electrical engineering for 
short (~10 𝑛𝑛𝑛𝑛 < 𝑡𝑡𝑝𝑝 < 100 𝜇𝜇𝜇𝜇) electrical pulses. These applications often require 
that the pulses have a “good” square shape.

 Although there are many ways for generating such pulses, the pulse-forming line 
(PFL) is one of the simplest techniques and can be used even at extremely high 
pulsed power levels.

 A transmission line of any geometry of length 𝑙𝑙 and characteristic impedance 𝑍𝑍0
makes a pulse forming line (PFL), which when combined with a closing switch 𝑆𝑆
makes the simple transmission line pulser.
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Simple PFL

 When the switch closes, the incident wave 𝑉𝑉𝐼𝐼, with a peak voltage of ( ⁄1 2)𝑉𝑉0, 
travels toward the load, while the reverse-going wave 𝑉𝑉𝑅𝑅, also with a peak 
voltage of ( ⁄1 2)𝑉𝑉0, travels in the opposite direction.

 The incident wave 𝑉𝑉𝐼𝐼, then, supplies a voltage of ( ⁄1 2)𝑉𝑉0 for a time determined 
by the electrical length of the transmission line 𝑇𝑇𝑇𝑇 to the load. The reverse-going 
wave 𝑉𝑉𝑅𝑅 travels along the transmission line for a duration 𝑇𝑇𝑇𝑇 and then reflects 
from the high impedance of the voltage source, and becomes a forward-going 
wave traveling toward the load with peak voltage ( ⁄1 2)𝑉𝑉0 and duration 𝑇𝑇𝑇𝑇.

 The two waves add at the load to produce a pulse of amplitude ( ⁄1 2)𝑉𝑉0 and 
pulse duration 𝑇𝑇𝑝𝑝 = 2𝑇𝑇𝑇𝑇.

 Pulse characteristics

𝑉𝑉 =
𝑉𝑉0
2

𝑇𝑇𝑝𝑝 = 2𝑇𝑇𝑇𝑇 =
2𝑙𝑙
𝑣𝑣𝑝𝑝

≈
2𝑙𝑙
𝑐𝑐 𝜖𝜖𝑟𝑟

 Matching condition: 𝑅𝑅𝐿𝐿 = 𝑍𝑍0
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Pulse forming network (PFN)

 A main disadvantage of the PFL is the speed of propagation of EM waves along 
transmission lines.

 The material used in transmission lines is some type of polymer plastic such as 
polypropylene, and the dielectric constant tends to be quite low (𝜖𝜖𝑟𝑟 = 2~3). Thus, 
it is impractical for making a long pulse over 1 𝜇𝜇𝑠𝑠.

 An alternative approach is to build a simulated line using a ladder network of 
inductors and capacitors.
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Basic LC PFN

 Approximately, for 𝑛𝑛 > 10

𝑍𝑍𝑁𝑁 =
𝐿𝐿𝑁𝑁
𝐶𝐶𝑁𝑁

=
𝐿𝐿
𝐶𝐶

𝑡𝑡𝑝𝑝 = 2𝛿𝛿 = 2 𝐿𝐿𝑁𝑁𝐶𝐶𝑁𝑁 = 2𝑛𝑛 𝐿𝐿𝐿𝐿

Waveform of 5-element LC PFN
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Marx generator (1925)

 A Marx generator is a voltage-multiplying circuit that charges a number of 
capacitors in parallel and discharges them in series.

 The process of transforming from a parallel circuit to a series one is known as 
“erecting the Marx.”

𝑉𝑉𝑀𝑀 = 𝑁𝑁𝑉𝑉0

𝐶𝐶𝑀𝑀 = ⁄𝐶𝐶0 𝑁𝑁

 What is a role of resistors?

 Current limiting
 Ground path
 Isolation during discharge
 Could be replaced with 

inductors

http://en.wikipedia.org/wiki/File:Marx_Generator.svg
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Linear Transformer Driver (1997)

 The linear transformer driver (LTD) was introduced in 1997 as a fast, high 
current circuit architecture inspired by linear pulse transformers. LTDs use low-
inductance, capacitive energy storage circuits (known as bricks) arranged in 
parallel to produce a high-peak current directly from the primary energy store.
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Applications of pulsed power

 High Energy Density Plasma
 Nuclear fusion plasma, X-ray generation, Pinch plasma 

 High Power Pulse Laser
 Solid state laser (Nd:YAG), Gas laser (Excimer, CO2, Nitrogen)

 Particle Beam Generation  & Application

 Electron (Ion) acceleration,  Material processing,  Surface treatment

 Electromagnetic Acceleration
 Rail gun (EM gun), Electrothermal chemical gun (ETC  gun),

Electromagnetic Forming

 Electromagnetic Wave Generation
 High power microwave (HPM), Electromagnetic pulse (EMP)
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Applications of pulsed power

 Industrial applications
 Metal shaping (complex geometries)

 Nano-sized particle fabrication

 Rock blasting (at construction site)

 Exhaust gas treatment

 Thermal power plant (electric dust collector)

Waste water treatment (organic matter decomposition)

 Ballast water treatment
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Examples of pulsed power

 Lightning vs Pikachu

http://en.wikipedia.org/wiki/File:Lightning_striking_the_Eiffel_Tower_-_NOAA.jpg
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Examples of pulsed power

 High energy density plasmas (HEDP)

K

Γ = 1

A B A B

Non-ideal
plasmas

HEDP

Magnetic fusion ~ 5 bar
(1014 cm-3, 10 keV)

Low temperature plasma
(1010 cm-3, 4 eV)

Inertial fusion ~ 5 Gbar

S  

Standard waterStandard air
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Examples of pulsed power

 Fusion (MCF vs. ICF)
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Examples of pulsed power

 Helicity injection system for VEST

Washer gun
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Examples of pulsed power

 Laser fusion

NIF (LLNL) : 192 laser beams (1.85 MJ)
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Examples of pulsed power

 Z pinch

Z-machine (SNL) : 직경 33m (26 MA) PTS (CAEP) : 직경 33m (10 MA)
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Examples of pulsed power

 SNU X-pinch device
2x10umφ W wires

Cathode

Anode

High current from pulsed power system

X-ray burst

J. Ryu et al., RSI 92, 053533 (2021)

Hot spot
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Examples of pulsed power

 Railgun

http://en.wikipedia.org/wiki/File:Railgun_usnavy_2008.jpg
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Examples of pulsed power

 High Power Microwave or EMP
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Examples of pulsed power

 EM forming
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Examples of pulsed power

 Underwater shock wave generation

φ3

Gap distance 
(~7mm)

Anode

Cathode

Ambient water (liquid)

φ8

Spark channel (plasma)

Streamer
Cathode

Anode

Streamer-to-arc
transition

Arc plasma

Shock front
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Examples of pulsed power

 Water-bloom removal

w/o pulse w/ pulse

w/o pulse w/ pulse

Gas vesicles

 NOx removal 40 kV, 4 MW, 0.15 J/pulse, 100 Hz
 20% reduction of NOx with 15 W

 Shock wave destroys gas vesicles to sink the water-bloom down to the bottom
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Examples of pulsed power

 Non-ideal plasma research

0 μs

4.75 μs

9.50 μs

Cu wire (100 μm)

Liquid-vapor
transition

Shock front

Nonideal
plasma

Cu wire : ϕ 100 μm @ Vc = 10 kV

Recording = 21,052 fps
Frame interval = 4.75 μs

Exposure = 0.31 μs K. J. Chung et al., J. Appl. Phys. 120, 203301 (2016)
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Examples of pulsed power

 Pulsed ion beam  pulsed D-D beam-target fusion neutron source

0 10 20 30 40 50 60

-100

-80

-60

-40

-20

0  Vc = 3.6kV

Ou
tp

ut
 p

ul
se

 [k
V]

Time [µs]

Neutron yield ~104 neutrons / 10 us

 Solid-state Marx generator

D+ beam extraction/acceleration
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Thank you for your attention!

Kyoung-Jae Chung
Department of Nuclear Engineering, Seoul National University

(www.snupilab.com,     snupilab)

Shock wave

Warm dense matter

Low-temperature plasma

Neutron generator

High-energy-density plasma

Pulsed spark discharge

Plasma and ion sourceNon-ideal plasma

Hot dense matter High-density plasma

www.snupilab.com
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