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Outlines

« Static and dynamic breakdown strength of dielectric materials
— Gas — Townsend discharge (avalanche breakdown), Paschen’s curve
— Liquid
— Solid



Outlines

« Static and dynamic breakdown strength of dielectric materials

— Liquid



Liquids — “all liquid” pulsed-power system is feasible
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* QOil-filled Marx — oil/water filled pulse-forming line (PFL).

— oil/water spark gap.
« Marx: high dielectric strength. (output in the order of 1 MV is generated)
 PFL: high dielectric strength, high dielectric constant, low conductivity.

« Spark gap: high dielectric strength, high thermal conductivity, minimum
decomposition products, self-healing properties.

* Properties of liquid needed for high voltage:

— Good thermal properties — Works in low temperature

— Low viscosity — Environmental considerations

— Low flammability — Low cost

— Good chemical and thermal stability



Shadowgraphy of negative (left column) and positive
(right column) streamers in different liquids
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Breakdown in liquid

« Particle alignment
 Electronic breakdown

 Streamers in bubbles



Particle alignment

Solid impurities always exist in a liquid leading to
breakdown due to particle alignment

« Convection currents are set up in aliquid dielectric due to particle
movements even at low applied voltage.

« The force tends to concentrate the solid impurities to the region of the
center of the electrodes where the field is fairly uniform.

. Let Fp be the diffusion force. If F, > Fp, the alignment of the particles
takes place along the center of the electrode and breakdown in the liquid

takes place along the aligned particles.
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Electronic breakdown

Electronic breakdown is very similar to breakdown in
gas
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« Electrons emitted from cathode lose energy to the molecules in the form
of “nonionizing collisions” such as elastic, vibration, excitation process.

* Normally, not possible for electrons to reach ionization energy.

« At elevated temperatures and high field strength near an asperity of an
electrode, energy losses reduce.

— continuous acceleration — energy > ionization energy
— more electrons due to impact ionization of the molecule

— avalanche of electrons — breakdown



Streamers in bubbles

Bubbles in liquid are formed so that a breakdown
similar to that in gas occurs

* Propagation of streamers in the low-density vapor or bubbles occurs.

« Streamer mechanism of liquid breakdown is similar to the growth of
electric tress in a solid due to discharge in a void.

« Discharge in vapor — shockwave & thermal dissipation (heat) —» more
low-density vapor — more ionization

_ Anode
Low-density vapor

—

Cathode
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Structures of arcing in liquid is like a tree

rrrrrrrrrrrrr~&—— Anode (A)

77 Tertiary streamer:
%%% - ~5um

/
S Secondary structure:
at—nsulator— L %ﬁ) various direction
1 __ Primary structure:
Cathode (K)\,»é 60-90 um

(Electrode asperity)

« Secondary and tertiary structures are results of space charge distortion
due to the high-density streamer at the front of the primary structure.

« Effect of hydrostatic process:
— Breakdown voltage increases with higher pressure.

— Streamer can only grow/be initiated at higher field with higher
pressure.

— Ex: for transformer oil, V., IS X3~4 at 4 MPa (~40 Atmosphere).
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Mechanisms of bubble formation

Foreign particles.

Asperities on electrode causing field emission.

Chemical interaction with molecules causing their dissociation.

Release of the already existing gas dissolved in the liquid.
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Pressure in a bubble is “zero”

« Krasucki’s hypothesis:
— A vapor bubble grows continuously when a critical size is reached
— breakdown takes place.
— When applied voltage is gone — collapse faster than air bubble.

— pressure in the bubble is “zero”.

— With impurity particles — bubble grows preferentially on the particles.

— W/o impurity particles — bubble grows preferentially near the
electrode surface.

— V,,.ax T @s radius of bubble (r,) | , surface tension (y,) 1, and
hydrostatic pressure (P) 1
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Breakdown tempts to occur easier when the bubble

becomes elongated
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« Kao’s hypothesis — bubble once created starts elongating in the direction
of the field keeping its volume remains constant.

=

P~0

« Sharbaugh and Watson hypothesis
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[ Vacuum
E breakdown

Breakdown voltage in air

Avalanche (Townsend) breakdown
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— Asperity of cathode — field emission occurs — mean free path is
short — energy is deposited in small region — low-density vapor is

generated — breakdown in the bubble.

T

vaporize a small mass of liquid ahead of an asperity into a bubble.

— For a pulse with few us, enough energy from field emission to O

— P1 => boiling point T,1 => more field is required to form bubbles.
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Water is a very special dielectric material

 Breakdown voltage is dependent on the polarity.

« Electric field is enhanced at the asperities due to collective orientation of
the bipolar water molecules. V., of water (¢,=80) is lower than that of
propylene carbonate (PC, €=65).

« However,

— For sub-Mega volt pulse with short duration (7~30 ns), the dielectric
strength is x2 of that with long duration (50 ns ~ 1 ms).

— The V,.~3x107 V/Im for us electric stress.

— High energy density (¢,=80) in energy storage. Eene = 2 EofrEfz

16.5 m

— Low impedance in PFL.

— Self-healing post breakdown. | o
: RS | = !

— Easy maintenance. 10— A

— Low cost. Ve celle Ji;: \

Marx bank intermediate pulse water-insulated insulator outer simulation

- EaS e Of d I S p O S al . storage forming transmission stack MITLs volume

capacitors lines lines

s Ky
(R KUy,
X 3
S o
P &
H
% F
Y b4
% &
+,
v 4
et

15



Methods of improving liquid dielectric performance

 New composition:

— Vegetable oil (used in PFL): castor oil (A, €.=4.7) vs mineral oil
(T&45M, £.=2.4). However, castor oil is more hygroscopic (IRi&%).
Therefore, sealing is important.

— Synthetic oil (§BXH), e.g., PAO (poly-alpha-olefin), a type of silicone
oil. Good for closing switches.

- Resistance to oxidation.
- Lower viscosity, ok at low temperature.

- Good lubrication, ok with hydraulic pump. The pump is used for
forced flow at high pressure and velocity for removing gases
evolved by molecular dissociation and erosion from electrodes.

— Electron scavengers, e.g., chlorocyclohexane vs cyclohexane

o7 O
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Methods of improving liquid dielectric performance

« Mixture of materials improve performances
— Gas: Sk + N,
— Liquid: in PFL, Water (g¢,=80) + ethylene glycol (g,=44)
— increasing intrinsic time constant.
— Solid: paper + polypropylene

* Impregnation: when putting insulating films and metallic foils in liquid
dielectric for removing of air trapped at electrode-liquid interface :

— High temperature
— Vacuum
« Purification
— Freed of foreign particles using filter and ions using deionizer.

— Low temperature using chiller unit to reduce resistance.
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Outlines

« Static and dynamic breakdown strength of dielectric materials

— Solid
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Breakdown in solid

\

Solid insulators function as \ > \
— Mechanical supports. -
— Enclosures. E‘; .......

— Feedthrough. //
— Energy storage. mea{e/dfauu

Thin films of solid insulation are used in energy storage capacitors and
pulse-forming line (PFLs) for high density storage. Advances in metalized
films with their self-healing properties are revolutionary.

Common solid film insulators: paper, Mylar (polyethylene terephthalate,
PET), Kapton (polyimide), Teflon, Epoxy, polypropylene (PP), Acrylic,
Polyvinylidene fluoride (PVDF)

Outdoor installations: operate in humid and polluted environment.

For repetitive pulsed power systems, thermal considerations such as
effective cooling becomes important.

End contacts % ]
elalfllm D|eI h d
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Breakdown mechanisms in solids

« Solids are usually permanently damaged when breakdown occurs.
— Intrinsic breakdown.
— Thermal breakdown.
— Electromechanical breakdown.
— Partial discharges.

— Electrical trees.

20



Intrinsic breakdown

The highest breakdown values when other sources of
iImperfections in the materials and testing are eliminated
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e The timescale of the intrinsic breakdown is in the order of 10 ns.

« Electrons jump from valence band to conduction band when it gains
enough energy from a high electric field.

Conduction band

:

Valence band

 With sufficient electrons in the conduction band, intrinsic breakdown
OCCuUrs.

* Vy,eak IS In the range of 5-10 MV/cm.
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In [aboratory, it is measured via eliminating all imperfections
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Field non uniformity.

Internal discharges from imperfections (foreign particles or voids).

External discharges from weak ambient surrounding the solid dielectric.

Mechanical damage.

Field induced chemical attacks.

Vacuum deposited

electrodes
Spherical
electrodes \

Test specimen
Perspex disk ?
Epoxy resin
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In [aboratory, it is measured via eliminating all imperfections
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* Very thin specimens of solid dielectric are used.
— Reasonable V (E=V/d).
— Probability of imperfections (foreign particles and void)
 Proper mechanical support is needed to avoid electromechanical force.

« Short duration pulses with high voltage rising speed — to avoid other
breakdown mechanism, such as thermal breakdown from joule heating.

Vacuum deposited

electrodes
Spherical
electrodes \

Test specimen
Perspex disk ?
Epoxy resin
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Criterion of intrinsic breakdown of a solid
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* Frohlich criterion (high-energy criterion):

— If the net energy gained by an conduction electron from the electric
field is greater than the energy lost to the lattice, the electron is
continuously accelerated, resulting in a state of instability and
intrinsic breakdown occurs.

— Is not dependent on the specimen thickness, wave front, or duration
of applied field.

« Avalanche criterion (low-energy criterion):

— Conduction electrons gain sufficient energy from the applied field to
release further electrons from the lattice, similar to impact ionization
in gas.

— It is dependent of thickness and electrode geometry. “Time to
breakdown” is dependent on the overvoltage applied to the specimen.

24



Thermal breakdown

It happens when rate of generating heat is greater than
dissipate rate to the surrounding

» Generated heat is due to conduction (DC) or dielectric losses (AC). It is
dependent on voltage.

* If heat gain > losses — thermal equilibrium is unstable — thermal

runaway.
dT O oT
— DC: = — 2
HGpc =C, dt + 3% (K ax) oE
. dT O oT
— AC: HGpc = Cy ot oK) = E?2nfeye, tand
Heat accumulation diffusion source

« Generally, the thermal breakdown need not be considered for DC due to
low electric conductivity of good insulator.

* For pulsed high electric field with high dielectric losses, HG ¢ is
important.

Ex: Thermal breakdown @ room temperature ~ 10 MV/cm. With pulsed-
high electric field, ~100 KV/cm, 2 order less!
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Electromechanical breakdown

Breakdown occurs due to the compression from the

attraction between electrodes

1
Compressive force: P, = Eeoe,,EZ =
do
Hooke’s law Py =YIn T
Force balanced: P, = Py
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Partial discharges (PD)

A partial discharge occurs inside voids embedded in
solid dielectrics

V across the void w/o
breakdown.
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/,./'/,/ /:/."',-),'. V
A A 3 breakdown.
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* V4 IS determined by the Paschen’s curve where d=t’, p is pressure in the
void.

« The energy dissipated in the void causes erosion, tracking, treeing and
electrochemical deterioration.

|t takes a time period of years for causing breakdown through the whole
insulator.
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Electrical tree

There are two kinds of electrical trees:
dry trees vs water trees.

orrrrrrrrrrrr <&——— Anode (A)/)@
4
7 /w
E /% i
k/lnsulator =l

é : Cathode (K)— :

(Electrode asperity)

* It is dependent on the properties of dielectric and the environment.

« Over a period of time, may extend to few years, the trees cause the total
breakdown.



Dry trees — hollow tubes, resembling the branches of
trees, which are formed inside a dielectric due to
electrical stress e

« Diameter: 10 ~ 500 um, mixtures of gases from the decomposition of
dielectric material.

* Nucleation sites (seed) — localized field enhancements, e.g., asperities on
electrodes or embedded foreign particles, or voids.

 Initiation: mostly due to electromechanical force — fissures,
microscopic cracks.

« Erosion, tracking, gas evolution, decomposed products are produced.

 The accelerated charged particles impact the walls of the cavities w/ high
velocities, leading to their growth.

« When atree occupy a major length of the insulator, the remaining
unbridged portion of the insulator will be subjected to extremely high
stresses, leading to disruptive breakdown.

e —%
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Water trees — hollow filled with water

- If dielectric is hydrophilia (#87K) and is immersed in water — tree
channels are filled with water. It happens in underground cable.

« When electric stress is removed, water is reabsorbed in the solid
dielectric. The channel becomes dry and hollow.

 The electric conductivity of water tress compared to dry trees is high
leading to a rapid growth compared to the dry trees.
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Methods of improving solid insulator performance

« Layers of insulating films instead of single layer with the same total

thickness.

* Improving the contact area at the interface between electrodes and
dielectric — metallization and oil impregnation.

« Controlling a nonuniform field — corona guards / equipotential rings.

« Modifying insulator shapes and surface profiles — reduce the interaction

of charge carries at the surface.

« EX: insulation in energy storage capacitors

W = 5~7 |layers of dielectric films.

Metallization: vapor deposition of Al or Zinc w/ 8=0.3 nm => more layers
can be packed leading to higher energy density.

31



Surge voltage distribution help reducing the chance of
breakdown

| | |
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Fig. 4.13. A 4 MV version of a multigap spark switch
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Surface flashover in standoff insulators
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Breakdown in Vacuum

* |f there is no medium, there is no breakdown.

« However, breakdown does take place since charge carriers can be
injected from desorbed gas, metal vapors from the electrode.

 The insulator surface is an electrically weaker medium than vacuum, i.e.,
“Surface flashover” across the solid insulator is more possible.
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Examples

« Spark gap switch.

- Diodes for particle beams, x-rays, magnetron. -HV

« Transmission lines for feeding pulsed power into the load.

) Focal spot on
Filament and tungsten targe
electron cloud

16.5m

t Glass envelope

Vacuum
Copper

De— stem
J]
HV ¥
Electronic
focusing ~ @

CUPC o Anod outer MITLs

G N D aihode:() 'TUbe noge [+) Marx bank intermediate pulse water-insulated insulator oute

window Useful x-ray beam storage forming  transmission  stack  MIT]

cathode electron

microwave
radiation™\ 1
~\\\ /‘/v path of an

cavities

cooling fins RF fields

ceramic © 2004 Encyclopadia Britannica, Inc.

capacitors lines lines

 https://lwww.researchgate.net/publication/327816840_X-
ray_imaging_using_100_mm_thick_Gas_Electron_Multipliers_oper
ating_in_Kr-CO2_mixtures

* http://lwww2.ee.ic.ac.uk/ngai-han.liu08/yr2proj/magnetron.htm

* N. Bennett, etc., Phys. Rev. Acc. Beams., 22, 120401 (2019)
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Vacuum breakdown mechanisms — ABCD mechanism

 For pd <103 Torr-cm, electrons cross the gap without colliding gas

molecular. 1000 ¢

« ABCD mechanism: AB+CD > 1

Breakdown voltage in air

100 F Avalanche (Townsend) breakdown

More and more electrons are generated :
— Vacuum
2 10 [ breakdown

=> conductivity increases => breakdown .=
Anode

Soft/hard \/\‘ (A) 0'115:.4 1E3  0.01 0.1 1 10 100 1000
X rayS @ pd [bar mm]
(C) ®
EUV/UV
/\
/;
©
o CORVARVA )

Cathode

£
4% Transition  Space
f region charge

region
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Characteristics of ABCD breakdown

* The probability of ABCD breakdown is high at large impulse field
intensity:

— High gas evolution from electrode due to desorption.

— Metal vapor formation. Anode

\ A
— Unfavorable micro-injection geometry. \& .( )
« Field emission initiated breakdown: (C) ®
— Fowler-Nordheim (FN) field emission: f
NE
je = C1E,%e “2/Ev A/cm? Y
1.65 x 106 . ©,
_ Y: work function
ORVARIA:)

C. =
T oy o
[E,
— 379 x 104 ¢p Cathode

y

C, = 6.83 x 107¢3/%2v(y)
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Potential breakdown conditions

For E,=10° — 10° V/cm, j,=10° — 10'° A/cm?=> |eads to breakdown.

je = C1E,%e “2/Fv A/cm?

jc =>joul heating of microprojection => melting, vaporization, plasma
forming => ionization/breakdown.

High-energy electron beam on anode => heating => metal vapor

 Low work function for cathode => high field emission.
(@) B W
_,//’// (/
+V 1\/‘\ )) .'
A W ________ - - _l \l‘, Q‘Neutr'alizer@ov
R A | F
\‘\‘.', i Accelerating 8 ‘1 Hot filament @ O V |
“".'.E.""" d Mesh @ O v [ ‘n
emission afebulelebe 7::::;:: @
l h } Connector
Kk B " ===== [@5kv/1kv [FTF"

+ K.Y. Chen, P.-Y. Chang, and W.-Y. Lin, Plasma

Source Sci. Technol., 29, 065021 (2020) 38



Microparticle-initiated breakdown

« Loosely adhering material being detached from electrode due to
electrostatic force.

« Micro projections are made from joule heating by field emission current.

« Vaporization of the anode material by pulsed heating by accelerated
electron beam.

« Vaporization of the cathode material by joule heating.

\
@

Anode

Cathode
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Improving vacuum insulation performance
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Conditioning: with successive breakdown events, the breakdown voltage
steadily increases and attain a steady value. Anode

Current conditioning:
— |~ 100s pA.

Cathode |
— A breakdown pulse removes a microprojection and the following

pulse shifts to another microprojection site.

— 30 mins~ few hours.

AC/DC are employed for both electrodes.

Start from 50% of expected V, cakdown- Vs

V2
Vi

V,i i

Time —»
40



Improving vacuum insulation performance

Spark condition: impulse voltages with width of 100s ns is used.
— | < few Ampere.
Chemical cleaning:
— reducing impurities.
— Valence bend energy is changed. (changing work function.)
Glow discharge cleaning:
— Sputter cleaning.
— A continuous flow of gas allowed the removal of impurities.
— 30-60 mins using H, He, Ar, N,, SF, dry air, then use Ar to remove O,.

Outgassing and annealing: heat to T=250 ~ 1500 °C for several hours for
outgassing.
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Improving vacuum insulation performance

_ Co-Mo / Co-W
« Surface treatment and coating

— Cobalt-molybdenum (#4-£8) _
— Cobalt-tungsten (#4-£8)

— lon implantation —work hardening of the surface.

Combination
T / Spark conditioning
Breakdown Current conditioning
g s Glow dlscharge conditioning

strength /

Gap spacing (d) ——
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Triple-point junction modifications

« If imperfect at the triple-point junction, there may be voids or gaps.
=> E field enhancement => enhanced field emission.
« To improve:
— Metalizing the insulator surface at contact => a firm contact.

— Elimination of the void and the shielding of the emitted area by
cathode. Anode doesn’t help!

Anode Anode

|<«— Insulation spacer — |

Triple junction Metallization
a8

Cathode Cathode
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Vacuum magnetic insulation
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(@) (b) (c) (d)
 The crossed magnetic field can be externally applied.

« Self-generated magnetic field is also possible when current is high
enough:
— Magnetic Insulation Transmission Line (MITL).

— Magnetic Insulation Line Oscillator (MILO) for high power microwave
source.
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Magnetic Insulation Transmission Line

IS commonly

used in transmitting high current in vacuum

Marx bank intermediate pulse water-insulated insulator outer
storage forming transmission stack MITLs
capacitors lines lines

* N. Bennett, etc., Phys. Rev. Acc. Beams., 22, 120401 (2019)

inner MITL

density

14
[cm_3] [10
10

l1012
1011
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lon diode using vacuum magnetic insulation

Y ﬂmﬁmma

:4— R——»:

e m;>m,.

Anode plasma

Crossed magnetic field

lon beams

Electron orbits

Cathode plasma
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Surface flashover across solid in vacuum

* Vg increases rapidly at lower pressure due to lack
of ionizing collisions particles.

* Process of surface flashover

— The dielectric surface is the source of electrons
to feed the developing avalanche by a process
known as 2"d electron emission.

— Electro-stimulated desorption: e- impacting the
surface liberates gas trapped or adsorbed by
the surface.

« 2"d e~ emission from dielectric surface requires E, >
E, to liberate e-.

 If E, < E,, charge builds up causing the following e-
are away from the surface and gain more energy till
E, > E, and generate more e".

e Vy~VI1

Anode

OG
~\

4

10)e|nsuj

Cathode

47



Surface flashover across solid in vacuum

* Vg increases rapidly at lower pressure due to lack
of ionizing collisions particles.

* Process of surface flashover Anode
— The dielectric surface is the source of electrons
to feed the developing avalanche by a process
known as 2"d electron emission. =
7))
— Electro-stimulated desorption: e- impacting the gas @ QC_J
surface liberates gas trapped or adsorbed by ’\ o
the surface. /
« 2"d e~ emission from dielectric surface requires E, > @
E, to liberate e-.
Cathode

 If E, < E,, charge builds up causing the following e-
are away from the surface and gain more energy till
E, > E, and generate more e".

e Vy~VI1
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Surface flashover across solid in vacuum

* Vg increases rapidly at lower pressure due to lack
of ionizing collisions particles.

* Process of surface flashover

— The dielectric surface is the source of electrons
to feed the developing avalanche by a process
known as 2"d electron emission.

— Electro-stimulated desorption: e- impacting the
surface liberates gas trapped or adsorbed by
the surface.

« 2"d e~ emission from dielectric surface requires E, >
E, to liberate e-.

 If E, < E,, charge builds up causing the following e-
are away from the surface and gain more energy till
E, > E, and generate more e".

e Vy~VI1

Anode

loye|nsuj

it

Cathode
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Some examples of surface flashover of solid dielectric

aaaaa

Flashover path

A

Flashover path

»

@_, _,@ Cathode- Anode

Anode Flashover Anode
(Chamber) Ppath (Chamber)
Cathode

Feedthrough
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Some examples of surface flashover of solid dielectric

aaaaa

( Corona )
K

A\ 4

—' v Flashover
path

A
. Corona
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A kraft paper with high resistivity can kill the corona
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« High but finite resistivity
will bring the charge
away from the
electrodes. Corona is
harder to be initiated.

| Rail-gap switch pgeliet gl
TR L s

Corona |
————— A A K >
= | omm — v Flashover
4 Aluminum plate A h
, pat
i __Corona

100 cm
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To avoid flashover, need to avoid avalanche on the
Insulator surface
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Ways to avoid surface flashover in standoff insulators
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Composite dielectrics
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« The lower dielectric constant of the material creates a higher electric field.

55



Outlines

 Energy storage
— Pulse discharge capacitors
— Marx generators

— Inductive energy storage
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Electric energy storage requirements

« 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

(= power during discharge / power during charging).

» Repetition rate capability and long lifetime.

« Low specific cost.
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Pulse discharge capacitors

« Pulsed power systems are still based on high-voltage energy-storage
capacitors due to: reliability, repetition, fast closing switches, and the
energy hold time is longer than inductive storage devices.

* An insulating margin around the metal electrodes prevents flashover
between the electrodes.
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Lumped circuit model of a capacitor

R =resistance of plates ~
; e of p R~ 0.10
and connections

I V
peak —
L=inductance of plates V L/C

and connections

Impedance = L/C

R=resistance of ]

dielectric and case - C=storage capacitance




High voltage super capacitor
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Oil-impregnated paper as the dielectric

Variation in Capacitance [%]
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Properties of some dielectric materials used for the
insulation of high-voltage capacitors

_ Egg (KV/cm) | Tan(3)

Impregnated paper
Epoxy

My lar
Polypropylene
Teflon

Kapton

Plexiglas
Transformer oil
Aluminiumoxide
Bariumtitanate
Glass (borosilicate)

3.5

3
2.55
2.1
3.4
3.3
3.4
8.8
1143
4.84

200-800
320

400

256

216

2800 (25 pm)
200

400

126

30

157

0.01-0.03
0.014
0.001
0.0005
0.0002
0.01
0.009
0.0002
0.01
0.01
0.0036

aaaaa
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Properties of dielectric materials

» Electric strength (dielectric strength), influenced by
— Conditions of operations.
— Temperature.
— Pressure.
— Humidity.
— Voltage reversal.
» Dielectric constant .

» Loss factor tan(d).
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Characteristics of capacitors

 Dependence of the high-voltage strength of a capacitor
— Breakdown strength of the dielectric.
— Shape, area, metal of the terminals.
— Bonding to the insulator that fills the case.

 The instantaneous capacitance differs from the static value when a
capacitor is charged or discharged quickly. It is the result from the finite
relaxation time of the polarization, which is also responsible for the
dielectric losses. Unpolarized

Polarized by an applied electric field.

Polar molecules rotate if the electric + ++ +++++++++

field oscillates. The rotation of the

olar molecules causes e ener @ @ @ @ @ @
e, molecy the energy 00 060 6o

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/dielec.html 64
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