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Outlines

« Static and dynamic breakdown strength of dielectric materials

— Solid



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.

- m m

« EX: insulation in energy storage capacitors

/./\/\/ em=——— - =m 5~7 |ayers 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.



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



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.



Examples

« Spark gap switch.

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

« Transmission lines for feeding pulsed power into the load.
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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
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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. }0 .( )
« Field emission initiated breakdown: (C) ®
— Fowler-Nordheim (FN) field emission: /
je = C1E,%e “2/Ev A/cm? )
1.65 x 10~° - O,
_ Y: work function
O\ Y/ ®)

C. =
T oy Q,
JE,
— 379 x 104 ¢p Cathode

y

C, = 6.83 x 107¢Y3/%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.
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+ K.Y. Chen, P.-Y. Chang, and W.-Y. Lin, Plasma
Source Sci. Technol., 29, 065021 (2020)
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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.

Y
O

Anode

Cathode
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Improving vacuum insulation performance

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 Vy cakdown- Vs

V2
Vi

V,i i

Time ——>»
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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.

14



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
Current conditioning
Breakdown
Glow discharge conditionin

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

Cathode Cathode
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Vacuum magnetic insulation
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 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
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* N. Bennett, etc., Phys. Rev. Acc. Beams., 22, 120401 (2019)
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lon diode using vacuum magnetic insulation
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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
2
C
ee -
‘\/X2
©)

Cathode
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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 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-.
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Some examples of surface flashover of solid dielectric
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Flashover path
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Some examples of surface flashover of solid dielectric
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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
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electrodes. Corona is
harder to be initiated.
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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.
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Outlines

 Energy storage

— Pulse discharge capacitors
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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.

30



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.

1 2
Wc =ECV

Insulating margin

Metal electrode
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Lumped circuit model of a capacitor

R_=resistance of plates ~
and connections P RS ~0.10

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

35



Properties of dielectric materials

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

» Loss factor tan(d).

36



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
polar molecules causes the energy
loss.

http://hyperphysics.phy-astr.gsu.edu/hbase/electric/dielec.html 37



Polarization P and displacement D will leg behind in
phase relative to the applied E field

E = E ,cos(wt) D = D ,cos(wt — §) = Dycos(wt) + D,sin(wt)

D, = D,cos(d) D, = D sin(6)

D
E—O — frequency dependent
(0]

€ (w) = % = % cos(d) €"(w) =% = %Sin(é') tan(8) = Z’;(a“:))

« Current density in the capacitor:

., _dq dD : OB
=%~ a - w[—Dqsin(wt) + Dycos(wt)] Vx F = -=

« (: surface charge density on UxH=T
the capacitor plate. M= Tt 50
« dD/dt: displacement current,

38



Polarization of a material has two terms with different
response time

o
< 3
& <
> 1
z m
2 ]
“, S
) £
et

 Energy density g (per unit volume and time):

Ad 1V Power
P =1V X—=——Ad = jEAd = = j
ower 1d-Ad j 7 v JE
2/ w w 2n/w
Y=— jEdt = — w[—D;sin(wt) + Dycos(wt)]|E, cos(wt) dt
21 ), 2 ),

) ) _ ®
— EEOD2 = EEODosm(B) ~ EEODOtan(é') (Small d)

« Dielectric polarization: P =Pg+ Py
Ps: spontaneous polarization due to electronic and atomic polarization.

P,: dipolar polarization appears in substances composed of molecules
that have permanent electric dipole moments.

- If the field is suddenly switched on, P4 relaxes to final, static value with
atime constant T:

P =P+ Py(1—e¥/7)
o o 1 1
- Energy density in a capacitor: ¢ = EGOEZ + 5 PE
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There are two terns with different response time in
energy density of a capacitor

« If the field is suddenly switched on, Pd relaxes to final, static value with a

time constant T:
P = Ps+ Py(1—e /")

 Energy density in a capacitor:

1, 1
® = €E” + PE

— A fast term: time dependent can be neglected at the usual switching
speed.

— A relaxation term: affects the charging and discharging of capacitors.

Ry
B ‘o
& <
> %
Z F
2 ]
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Capacitors need to be grounded if not used

Ideal capacitor w/o

R, L. L=0 for switch «—_ "] 1 —
] charging
is assumed. T=RC=0 \'@ T | /
S 08 A
S\ /
S 06 . . . :
s | Spark in a/gas switch extinguishes before the
& o capacitor has been completely discharged.
5 /\\
3 " \
g 0.2 ™ dischargin
NN] 1 / \\\
N . 0.0 4= , R Ml P A
Polarization continue to 50 0 50 100 150 00 250
relax to the static value. Time [arbitrary units]

+« Self-generated
+HV +V

If capacitor is not grounded continuously, electron
'. . previously had penetrated into the dielectric may

T j TQ diffuse out and recharge the capacitor.




Operation frequency needs to be away from the self-
resonant frequency of the capacitor

- Complex impedance of a capacitor: R =resistance of plates

and connections

1
_ » L=inductance of plates
Z —_ Resr + l ((I)L - R) and oorit'lectionsp :
Resr = Rs Equivalent series resistance
di;Irggirsicaggg gaseg —— C=storage capacitance
L ! 0 ——,Z =R
wWyL — = VU= w, = v 4 — Negr
w,C VLC
[0 T —

* In general, operational frequency w << w, to avoid large power losses
Inside the capacitor and destroy it.

« A fast capacitor requires stacks with a short path to the terminal.

Terminal +

Term|na| . aemsmsmsmss e etaetsereeereeessesstasesesensennenns
‘ As short as possible
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Capacitor lifetime can be affected strongly by the
voltage reversal and charged voltage

10000 1

N \\\
N
1000 k£ N o
5 N >
= AN £ ~
Rl N 2 \\
~ £
) ~ 3 o1 N
c . c N
5] N S ~
g M = 3 N
- o
& ~ 2 N\
() (o)
o 2
3 ! = 5 \\
\‘ \
0.1 . 0.01
20 40 60 80 100 120 20 30 40 50 60 70 80
Charge voltage in % of rated voltage Voltage reversal %

 If charge has been injected from the metallic-cathode side into the
dielectric, the space charge field associated with it can add to the
external field during voltage reversal and the total field can exceed the
local breakdown stress and cause damage to the material.
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It takes time for dipole to rotate

+HV HV “HV
Eextl 'TEP»EM[ 'TEP»EM[ 'lEP
EtOt < Eext EtOt > Eext EtOt < Eext

* It takes time for dipole to rotate. E; is in the same direction to E_;in a
short period of time.
« To extend life time (>108 shot for industrial uses):
- V<<V

rate

— Very conservative dielectric insulation, i.e., large size and low energy
density.
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Failures in capacitors

« Surface tracking along the insulating margin
at the edges of capacitor sections.

— Eliminated by resistively grading the field
distribution at the capacitor edge.
Achieved by impregnating the paper with
a dilute solution of copper sulphate in
water (CuSQO,). The loss current increases
and the hold time reduces.

End contacts

o

VAl

I film

Die}ctric
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K 4
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3
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41T
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.
.
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Cleared fault
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Failures in capacitors

QBNAL o
& S
%
3
% “?
Tz an®

End contacts

 Breakdown at voids or impurities in the /
| film Die}ctric

dielectric. Mef
— Breakdown may not destroy the capacitor £ \ 7
due to the “self-cleaning” process.

41T

« Arcing at pressure-contacted tabs or in other T s
sections of the capacitor. :

— It produces gasification of materials and 7
pressure increases. 7

— Avoided if all contacts are soldered or /
welded. Cleared fault
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Outlines

 Energy storage

— Marx generators
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Marx generators

WS Ky,

 HV pulse capacitors — operation voltage < 100 kV.

« Transformers for high-power charging units become prohibitively large
above 100 kV.

« Solution: charge several capacitors in parallel @ switch them in to a
series configuration for discharge.

U, R, D

\ 4
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Marx generators
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Teat

 HV pulse capacitors — operation voltage < 100 kV.

« Transformers for high-power charging units become prohibitively large
above 100 kV.

« Solution: charge several capacitors in parallel @ switch them in to a
series configuration for discharge.

U, R, D
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Eight-stage little Marx generator

50



Positive vs Negative output and peaking switch

VOC = 3\/0

_\CO

1
\|
/|
S
\|
/|
S
\|
|
[ load H—

Peaking switch
Voc=-3V,

-

1]
S
\
/
$
\
/
%\‘;
\
Load _
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Switches are triggered sequentially

« Switch 1is triggered and closed — point C @ U, point D @ 2U,, AV,=2U..
—Switch 2 breakdown by itself — point E @ 2U, point F @ 3U,, AV;=3U.,.
—Switch 3 breakdown by itself — point G @ 3U,, point H @ 4U,, AV,=4U,.

—all gaps will fire sequentially. “erected” takes ~ psec.

U, B r D
— 1} L}
Trigger
y
C =—/— C =
AV,
R,
7 -
A C

~200 -100 0 100 200
Time (ns)
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Positive vs Negative output and peaking switch

VOC = 3\/0

_\CO

1
\|
/|
S
\|
/|
S
\|
|
[ load H—

Peaking switch
Voc=-3V,

-

1]
S
\
/
$
\
/
%\‘;
\
Load _
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Step output of a Marx generator

gl s febég """""""" 3
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Step output is removed with using a peaking switch

10M ohm 10M ohm 10M ohm

O——AW—¢ v 1
200V O —
230V-switch 230V-switch

T T47 nF
Test point
—_— & AN
10M ohm 10M ohm 10M ohm
load
100K —
GND
GND
10M ohm 10M ohm  10M ohm
200V CW—T—
230V-switch 230V-switch
47 nF 47 nF 47 nF

i 10M ohm 10M ohm

. i o | 400V-switch
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—_—
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>
T 200
()] )
©
=
e} 0
> |
e \’ w—: square pulse from |
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Example of the 3-stage Marx generator we built

ﬁ(a)ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁioﬁMQfﬁiﬁﬁﬁ"'ﬁﬁﬁﬁﬁﬁmMQﬁﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁVo;t
- Slow HV trigger-| -
s ulse generator | | o
20ky. [pulse generator [] | & £ 1000
N Sw, =
AN *
4 10MQ Stage L

(b) (c)
£
£ |
o
~ |/
- | l“i N 1 fs
High voltage "‘} | To ground
pulse output | | Tl
Y ' }
k ol |
Trigger | Sparcpiug]
pulse IN |
. Trigger pulse =
Capacitors To high voltage IN
(40 nF eaCh) power supply
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A grounding resistor is needed if a load is a “gap”

- 10m0

S10MQ

NN

Slow HV trigger-|

pulse generator

] -

ON0;

- Sw,

NN

T

A
:JgonF;;'

ONO,

A

'SWZ' ¢

il

- 1M

10mM0

Stagel 10 MQ

- 10MQ

Stage2

10 MQ

Stage3 v g =

NN

Slow HV trigger-|

] -

pulse generator

ON0;

- Sw,

A
:JfonF::'

AW
LUV

Trsa
. AN

Stagel 10 MQ

Stage2

10MQ

ou

_LIO nF

‘§1mn

7

< .

ou

(o

L. [
1_ r;"”  [ o

‘Stage3

- @

. K
o g

¢ <

p z

Z

| 2

s &
% $
v 4
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Examples of gaps as loads

722 "N

=
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Example of the 3-stage Marx generator we built

ﬁ(a)ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁioﬁMQfﬁiﬁﬁﬁ"'ﬁﬁﬁﬁﬁﬁmMQﬁﬁﬁﬁﬁﬁﬁiﬁﬁﬁﬁVo;t
- Slow HV trigger-| -
s ulse generator | | o
20ky. [pulse generator [] | & £ 1000
N Sw, =
AN *
4 10MQ Stage L

(b) (c)
£
£ |
o
~ |/
- | l“i N 1 fs
High voltage "‘} | To ground
pulse output | | Tl
Y ' }
k ol |
Trigger | Sparcpiug]
pulse IN |
. Trigger pulse =
Capacitors To high voltage IN
(40 nF eaCh) power supply
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Example of the 3-stage Marx generator we built

T T T e

SIowHVtrigger-J_FF“
| taonF - | laonF - | taoaF | L
J0kvl.| pulsegenerator |.|. - [ - _IB¥EAE . . | o JRORL L [FOIE e w
R O—'LC i —— O O . 5 O O TR —— o 100.0.
M o M . M * B e
- 10MQ Stagel 10MQ Stage2 10MQ Stage3 =~ =

L

(b)

High voltage
pulse output

Trigger
pulse IN

-50 '(b) | | _Vout
-200 -100 0 100 200

Capacitors

To high voltage
(40 nF each)

power supply
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Capacitor and switch inductances need to be

considered
U, R, D
C ~ C Tigger | i
M= N

LM — NLS + NLC

N 2
EM - ECUO

Ly \/N(Ls + L¢) _

C —/— p— C =
~ ‘;

Switch

— : C =—=
U, inductance

e i

/7‘7_||L~'3«'=n_/ﬂ_ To the load

C/n

L¢+ L,
C
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Bipolar-Charging Marx generator

.Un:I o

+Up o

——

G

_H_.

|

—L__

me

Trigger

'OTII——II——O O——r1—

—_—

1. Stage




Bipolar-Charging Marx generator @ charging

.Un:I o

+Up o

——C

Trigger

|

—
_

- |
T Ujq

Yo

1]
1. Stage
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Bipolar-Charging Marx generator @ discharging

Con = C U, —] —
BM — 2N
Us 1
Lgy = NLg + 2N L T
1 Trigger
= —CU,% = 2 " Y oL i
Egm = 2N X ZGTLh, NCU, 0 ()flk %Uf:) ()Tbo
LBM N(Lg+ 2L¢) 1 1
Zgm = CBM C/2N Ve 1. Stage 2. Stage
Switch
\/Z(ZLC + Lg) +U, inductance 2U, 3U, 4U,
=N P
C- ﬂL:qk_{)_fvvw\_(>_4F____4F__C)_rvvvx_c>_4

/2n nL

2ny,
”r"_L/wv\ ~ To the load
C
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Bipolar-Charging Marx generator has a smaller
Impedance than a conventional Marx generator

C vag,-.‘r;&
CM = = LM = ZNLS + ZNLC Switch
2N U, inductance
ﬁ|—omo—||—0MO—|I—OMO—H—r
Ey = NCU,>
/7‘7_“Lrl";r_/\_ To the load
L¢+ L¢ Cin
Switch
2(2LC +Lg) +U, inductance 2U, 3U, 4U,
Zgy = N ,17_1|—Q—rW~f\—C)—||—|I—O—""“""—O—"—‘r
C
Zau N\/Z(ZLC + L) 2+ L Ezlfw.,.\_/_ To the load
BM ¢ <1 e
Zy v |Ec + L 2Lc +2Lg
1 |1+2L;/Lgy 1 ] L, 1
=~ or — <<
V2 1+Lc/Ls V2 L
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It’s harder to raise the power of Marx generators to
more than Terawatt

« Smaller impedance Z,, — larger power output
- N1t=>2Zy1

— N 1 =>longer system => L, , 1 =>P| =>more and more difficult to
raise the power of Marx generators to > TW.

— The major task is to pulse-charge an intermediate storage (water or oil
filled) capacitor.

 Breakdown strength of water is dependent on the duration of the E-field
stress

=> charging must happen quickly if a high energy density is to be
obtained.

=> To obtain complete energy transfer, Ci icrmediate = Cu-
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* N. Bennett, etc., Phys. Rev. Acc.

Intermediate capacitors are used to increase the output
power
&

 To achieve high energy densities and short, high-power pulses, it’s more
beneficial to synchronize several Marx generators of reduced pulse
energy to charge one water capacitor

Load

| S TARIAL ey
noe - ln

Marx bank intermediate pulse water-insulated insulator outer simulation
storage forming transmission stack MITLs volume

Beams., 22, 120401 (2019) ol g i o



Energies in capacitors are also dissipated through the
charging resistors

Ry,
& !
é <
> %
z m
s &
% ‘s
v Ld
[

« Each capacitor begins to discharge through two resistors in parallel with

a time constant of

TR = ERLCO

 The requirement of delivering most of the energy to the load.:

Tload << TR

U, R, D
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Charging resistors can be replaced by inductors

 Energy in each capacitor begins to oscillate between the capacitor and
the charging inductors with a oscillation period

1
T, = 2T ELC"

 The requirement of delivering most of the energy to the load:

Tload << Ty,

Ry,
& !

é <
> %
z m
s &

% ‘s

v Ld
[
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Example of using inductors for charging

« Assembly of 1kJ Marx generator

* A. Sharma, etc., IEEE Pulsed Power Conference, 2009, pp. 1214
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Requirements of triggering the Marx generator

o
2 3
& <
> 1
z m
2 ]
“, S
% £
et

« Triggering the Marx generator means starting the erosion process by
external-command control at a preselected instant in time.

— Small jitter.

— Low prefire probability.

— Large operating range.

« First stage —triggable three-electrode spark-gap switch.

« Later stage — self-breaking spark-gap switch.

Uu,—2u, U,—»3U, U,—4U,

Uo
Trigger
y
C —— C —
R,
—
0 0—U
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Stray capacitors needed to be considered

s xu,
)

é <
> o
% 3
) &

£

« Charging cycle: « After the first stage has fired:

AMA——— A ——AW\
A
:Sli o5 S) oo | SZ\OQ__
+—— W~ D
W—g D Col|
= ==C; ==, ——AMWW—— 7T Cs =T~ G

Cs: between the stage capacitors and ground.
C,: between the switch electrodes.

« Assumption: (1) each capacitor is charged to V; (2) S, is triggered first.
=>Cs; @ B try to hold B to ground.
=> C, >> Cg, so Cg is charged to V, rapidly.

=> A — 2V0=> S, will fire only if it is over voltaged sufficiently long.
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Stray capacitors needed to be considered

s xu,
)

é <
> o
% 3
) &

£

« Charging cycle: « After the first stage has fired:

AMW— AW
A
S, oo 1 N\S2 o Son oo
VOT;: ) ;_ Y—— TVO Y Vo —T \ —T VO
CO &y g

\>

C, % C,
A )| = —Np
B D Co / | . |
E—3 1= Cq =T C, —AAWN— T Cs =T Cs

 Assumption: = = =1
=> A — 2V0 => S, will fire only if it is overvoltaged sufficiently long.

=>C, @ S, and C; @ D form a capacitive voltage divider.
Vy=2Vy Vp=2Vy—2 Ve, =V, —Vp =2V, Cs 2V

Cs+C, Cs+C, 1+C,/Cs
=> C,/Cgs needs to be sufficiently small.

=> placing a ground conducting plate closed to the case of the

storage capacitor. C = Gg
A



Stray capacitors needed to be considered

s xu,
)

é <
> o
% 3
) &

£

- Charging cycle: « After the first stage has fired:

AMW—— A W
S R. A R, S R
N OO GO 2 og__
= =T TVo v, 17T T I
RL —

N
Y

l

SZ
vT:: e =
i CO> CO‘@\ C, Co Co
\| LB
M;: i AMW—N D
MWW D Co/ |

B R,

- — RL

|
Il
3

= C, —WW— T Cs

« Assumption: = - -

_ — g — :
=> Vg =Vy VD_ZVOCS+C ~0_’VD—V0,CS@D|schargedby

: .9
Vg through R with a time constant of . _ lRLCS

"Cs

=> overvoltage across switch S2 drops to VO.

=> pbreakdown at an overvoltage across each switch with a delay
time less than Tis needed.

74



The delay between breakdown in each spark gap
becomes shorter and shorter

« " overvoltage becomes increasingly large,

.. easier and easier to breakdown the other spark gaps.
. o %JO—EZUO U,—3U, U,—4U,

— 1 1 I
Trigger
y
C —/— C —/— C =—— C —
— Q—;
T -

...............................

8 StepS\ J
M 6 ]
T | Step 2 !

> ep
S 4 At,
=
-3 [ Step 1
> 2 at,

oi N~ J

M.-F. Huang, Master Thesis, ISAPS 2017



Other considerations

« To prevent prefire, each switch must be operated with a sufficient safety

margin. m=2 is needed, m<<2 for reliable switch. Vo
m=—
Vg

« To prevent voltage reversal, a crowbar switch at the exit of the generator
that fires just when the voltage starts to reverse.

U, — U—2U, U,—3U, U,—4U,

— 1
Trigger
z» z Z Load
C =/ C — C —(— C —/—
R, > : > f Crowbar switch

0 0—-U, 0-2U, 0-3U,
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Discharge of a Marx generator including stray capacitors
can be treated as a transmission line/pulse forming network

Qil reservoir
Capacitors Spark qa

5Bt =

’). .
; !% Al
1 ] 1L
Supporter

H :50ns/div
V : 160 kV 7div

Y. Kubota, etc., Jpn. J. Appl. Phys. 20, 2397 (1981)
Paul W. Smith, Transient Electronics: Pulsed Circuit Technology. 77



Switch can be taken away from the discharge path to
reduce system inductance using “LC Marx Generator”

PO
S A
z m
g &

Ty &

I

U, R, D

77 c
Switch I Switchl
\ Y
? .
) ) | |
iE A il 1

A
A A

Output Voltage
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Switch can be taken away from the discharge path to
reduce system inductance using “LC Marx Generator”

Switch I Switchl 1.0F
N A\
0.5}
| T \ \ | T ) Vp <
—~— 0.0 [
T)l _ 11 1T 11
+ + +
-0.5¢
-V Vo -V Vo
. R -1.0} . . . . R
) Output Voltage - 00 02 04 06 08 1.0

time/T

Vi=0@time=0.

When switches are closed, LC oscillations happen.

1 1
' = = - = — 1— —t/27 o = — T =
@ time=T/2,V_  =-nV,. V(1) > nVy[l—e cos(wt)] Nie

|~

R: sum of resistance from switches, capacitors, and wires.

Advantage: since switches locate outside the erected Marx circuit,
inductance of the system is low!

Disadvantage: all switches must be fired with very low jitter!
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Load effects on the Marx discharge

« Aresistor

Ly
_[00000Lq o

— Ry % v,

« A capacitor

Ly
Lo o

=Cu C: == |,
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Resistive load

« The current and voltage are in phase and proportional, such as for
relativistic e-beam generator or relativistic magnetron.

* Relativistic magnetron * Relativistic e-beam

—_— e AK Gap

- I eu
e B Fﬁ o ' Silver paint
2.02¢6 4 Al electron stopper,
Stin various thicknesses
1.61e6
1.47e6
1.34e6
1.20e6
1.06e6
L /' S
6.51e5
5.18e5
S Brass Cathode Electron
s LiLELD Bremsstrahlung
converter
0.0125mm thick 0.75mm
Al anode foil Vacuum gap
i (a) Ly
M L v,

R. Chandra, etc., Proceedings of LINAC2014, Geneva, Switzerland
K. J. Thomas, etc., Proceedings of 2005 Particle Accelerator Conference, Knoxville, Tennessee 81



Resistive load

 The current and voltage are in phase and proportional, such as for
relativistic e-beam generator or relativistic magnetron.

e |f LM:O: VL(t) — VMe—t/(RLCM) (a) LM

* In general cases, L,#O0. mmﬂ—O O
Vi

dI %
Vi~ Ly g~ R =0 Cy —— R, v,

1
I d?1 dI d’I R; dl 1
dVl: I ——LM__RL_=O 2+ L_+ I:0
dt Cy Cy dt2 dt dt* Ly dt LyCy

2
R 1 R R 1
D2 +—D + =0 D=-—"1% (—L> -
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Resistive load

. 1>RL2 1 R, \*> (@ Ly
ey \2L,) 0 T (LuCy  \2Ly 100000 o

Vq
_Ri, Cu gy
I(t) =e 2Ly’ |asin(wt) + Bcos(wt)]
10)=0=>10)=8=0 =
Ry,
I(t) = ae 2Ly sin(wt)
0.8
dI R R, R, 0.6}
— = a|-—Lt qe2ln" sin(wt) + we T2y’ cos(wt)
dt 2Ly T 04
S 0.2}
dl Vu " oo
Ly— =V L =V, '
M dt t=0 " Mo " *= LM(‘) -0.2p . . .
o 1 2 3
v Ry, time/T
=2 2Ly’ sin(wt)

Lyw



Resistive load

F 1 < RL 2 . RL 2 1 (a) LM
O IwCn S \2Ly) 0 VT \2Ly) T LuCy {00000 o
Vi
~gikt Cut —— al v,
I(t) = e 2Lu [ae"* + Be V]
I0)=0=>a+B=0=>B=—-a === —
_it (y_i)t _(y+&)t
dI RL (Y—&)t RL —(y+ﬁ)t
_ = - 2Ly/" 4 4+ — 2Ly
ac “ K" 2LM> ¢ YTaor, )€
di RL RL VM
Ly—| = ——)+(y+=—]|=V 2Lyay =Vy,  a=—2
" de t=0 : [(y 2LM> (y 2LM>] " " " 2Lyy
R R
I= Vu e_ﬁt[e‘(t —e VY ~ v o 2Lyt o1t
2Lyy 2Ly y
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Resistive load

. (a) Ly
R
I= Vm e_ﬁt[e"t —e V= Vu e_ﬁteyt 0L o
2Lyy 2Lyy - v,
M oo RL VL
dl R (Y——L)t R —(}’+—L)t
— = — 2L —_ ZLM = O
dt aKY 2LM>e i +<Y+2LM ) — —
2
R R R 1
2Ly 2Ly 2Ly LyCym
R, , R,
- yt _ %)= 04r . .
<y 2LM> e <" * 2LM> oVt
- 03} R,
Ly
&-Fy &4_)/ %0.2- e 2Lm
2yt _ 2Ly 1 2Ly = L > L
e = RL tlmax Z_yln RL = 0.1 M,Red M, Blue
ZLM B ZLM B 0.0 ! ! " : -
. ) 0o 2 4 6 8 10
L L

LMT » yl eytl — m T e—mt T tlmax time/T
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Capacitor load

on® Kl
& B
P iz

z

z 1
Y T
£ &

v 5
Teat

 Pulse compression scheme: a charged capacitor can transfer almost all
of its energy to an uncharged capacitor if connected through an inductor.

« Output voltage can be doubled in a peaking circuit.

VUUV ' 66\"’ ' . 66\,“\,“ .
Ly L L,
-D . . U
Cy —— § Cu C, §
Vo 1 Vo 1

86



Intermediate storage capacitors can be used to
compress the pulse

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

oL dI ’ [y
1~ tm7 .= V2 >
dt 0
1
1 —— CM C2 ——— V2
V, =— | Idt
27 q, 1 =
v Idt—L ar_1 Idt B -
M Cy Mdat ¢,
1 ! d*I 1 ! d21+ 1+1 o
Cuy Matz — ¢, Matz " \cy  C,) ~
d?1 1 1 1 N 1 1
+ I=0 = w =
dtz LM Ceff Ceff CM C2 LM Ceff

I = asin(wt) + Bcos(wt)
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Capacitor load

I = asin(wt) + Bcos(wt)
I(t=0)=0=>8=0

I = asin(wt)

dl
Frie awcos(wt)

dl B B
LME . = LM(X(A) = VM

I(t) = :—Zsin(wt)

1 ('vy .
V1 = VM — CML Lo Sln((l)t) dt = VM —

1 (tvy,
Vo =— | —si t)dt =
2 CzJo stm(w )

Va
for CZ~CM,V—~1
M

VmCum

Va
for Cz << CM,V_NZ

Ly
Vi
== Gy
VM S —
LM(U
VmC,
— 1 - t
o Cz[ cos(wt)]
v,
[1 — cos(wt)] Vo
M max

M

I . .<v-;‘
O_

_ 2Cy

Cy +Cy
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Peaking circuit, C,<<C,,

VuCs VuCs
Vi=Vy—————"71—-cos(ot)| = Vy — 1 — cos(wt
1= Vi~ ¢ e [1 = cos(wd] = Vy ~ 2 1~ cos(w)]
ViuCy ViC
V, = M-M "M-2 [1 — cos(wt)] = Vy[1 — cos(wt)]
Fort = —, cos(wt) = cos(mr) = —1 O—
@ vV
1
Vi=Vy Vy, = 2Vy T~ Cun Co—T— Vs

151 —== Vi —_ —

1.6 A

1.4 4
1.2 A1

1.0 A1

« The energy transfer is inefficient.
Cy/C,~10 is normally used.

0.8

0.6

Normalized voltage V(t)/Vy

0.4

0.2

0.0
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Pulse compression scheme: C,~C,,

Normalized voltage V(t)/Vy,

2.0

Vq

I I U
10 4o e CM E— C2 — g
’ \\\\ /// |
T v T L . I Energy is fully transferred to the 2nd
ot cap, i.e., intermediate storage capacitor.
VuC, Vm

Vi=Vy————I1—cos(wt)|=Vy——|1— t

1=V = Cz[ (wt)] = Vy > [1 — cos(wt)]

VuCy Vi Vi VuCy Vy

V, = 1—cos(wt)| = 1 — cos(wt

2 cM+czz[ (001)] sz+czz[ (021)]
F t i V 0 V V

or t=—, ~ 0, ~

w 1 2 M
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Water is commonly used as the dielectric material for
the intermediate capacitor

C = 2TE,€ I b 1
ln(b/a) FOI'EZEz 1.1

C
Air: e, =1 => 7= 0.5x107°F/m

C
Water: €, = 80 => 7= 6.25x 10712 F/m

0.5uF
For KALIF:  Cp = ——t— = 25nF
25
Using ai l_25><10—9_40
sing air: = 0.5 % 10_9 = m
_ 25 x 107°
Using water: 1 =0.5m

= 6.25 x 1012
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Intermediate storage capacitors can be used to
compress the pulse

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

 Energy storage

— Inductive energy storage

94



Inductive energy storage

« Capacitive energy storage — current amplifier.
* Inductive energy storage — voltage amplifier.

* Notice that energy density of the inductive energy storage is 2 order
higher than that of the capacitive energy storage.

 If 1, is large, charging of the inductor must be fast. It is because the
energy loss in the resistance of the inductor windy and the opening
switch.

* Current source has high internal impedance (R, >> R) and a large power

(tcharge l) L R Closing
Switch
Ry 1 O e

ImaX:IORg_I_R

l > R Openin Z
R _R+Rg 3 vF\);ic ° "
I(t) = 1,—2 (1—e L t) @ 3 SN

o
R, +R




Output of the inductive storage

« Assumption: at t=0, inductance is fully charged. Resistance of the
inductive storage is neglected.

9 L, L. Closing switch

Opening switch

R, +Rs Ry+ Rg
dll "[i: _|_
Rg11+L1E+RS(Il_Iz)=O ZLS 2L1
dI 4L,L,[(R, + Rs)(R, + Rs) — Ry’
Rl’2+L2d—t2+RS(12—Il):() x[1+ [1-— [ ( g ) ]

. [Ly(R; + Rs) + Ly(R, + Rs)]



Output of the inductive storage

R, L Closwr:g L !ﬁ%“
! - (OUOoT SWitc
Ty = R_S |1
Up=loR,
Ly ><
TR, +R, T O B 08~
g Opening_—
switch

1.0

-

L 0.8 N
L) ~ (7 —etm) -t
@ 06 \
IS(t)_Il_IZ ~ I e_t/” é 1 [\ /Iz

0.2 : N

Current through inductor |, switch |, and load |,

ol \
W
0.0 : — — :
16 18 2.0 22 24 26 28 3.0

Time [us]



Spark plugs in cars are triggered by the inductive

energy storage
D 4.

lo .E R, Opening
3 Switch y

Closing switch
/load

Distributor

][] Se—
e

Coil Wire Inductive energy

Spark Plugs
| e | . |
Spark
lgnition Opening switch

Ignition Switch o

Ignition Points

| [

Ignition Coil Condenser

Battery

https://images.saymedia-content.com/.image/t_share/MTcOMjk3MzYyODgOMjA4NTA4/diy-
auto-service-ignition-systems-operation-diagnosis-and-repair.png



Triggering pulse for PGS machine

DC-DC Converter

V,, :18-36 V
' V, 24V R
2av| ,—— =

. K
o g

¢ <

p z

Z

| 2

s &
% $
v 4

[

-Ignition coil .

________

L o0

A () ‘

QL
' St:e;ond'ary '
' coil

IGBT
Driver

Primary
coil,|

10 ' 7 .'
(] S— L Vcontrol ___

Time (ms)

Veap (V)

Vcontrol (V)

N
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Pulsed-plasma thruster

i_

Capacitors <+—— Spark plug

Cathode

Propellant

Anode

<+—— Plasma sheet

Semiconductor
spark plug

Ground
connector

Cathode =

Anode Capacitors

A. Nawaz, etc., Acta Astronautica, 67 (2010) 440-448
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Loop voltage for breakdown is provided by dropping
the current of the central solenoid rapidly

WS Ky,

R °

& <
" %
7 8
2 4

%W &

) v
T3t

Central
solenoid

=

\

A

-

J \% \'ZS
== r AN~y Bt
Csc T s \IzgsB ; R,
\ \OZS ¢
\r-/ \V__/ N ~ - ~ NG ~ v
Capacitor Filter H bridge Central Breakdown
bank solenoid circuit
U - -
Loy
e /\N\/_.m * %
Csc T —( :—Zlg \IZSSB +CB
\r./ \/_/ - | ~ .J . ~ NG g J
Capacitor Filter H bridge Central Breakdown
bank solenoid circuit
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Outlines

 Energy storage

— Rotors and Homopolar generators
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Rotors and Homopolar generators

Pulsed current source is needed such that charge time << L/R
1

=> using flywheel. Wiin = Eewz

Energy density ~ 300 MJ/m?3, total energy > 100 MJ.

Can transfer its energy only in atime > 10 ms in most cases.

Homopolar generator: l
— Coil

In a self-exciting generator, B is R
created by the output current of

the rotor. L
Centre

V = alw brush — &

a
Lt IR=do Peripheral

brush

1 1 t 1
—0w? + = LI? +f I’R dt = = 0w ,”
0

2 2 2 Rotor

(flywheello)3




Homopolar generators

Current [A]

(—
R
L
Centre
brush — &
Peripheral
brush
2.5x10°
2.0x10° A\
1.5x10° \
1.0x10° / \
5.0x10° / \
0.0 — ——
0.02 0.03 0.04 0.05 0.06 0.07 0.08

Time [s]

Energy [J]

Coil
B
w
Rotor
3.0x10°
2.5x10°
[ Wkin \ Vi
2.0x10° z
/|
o /!
‘ \ /
1.5x10 7 A
\ '
- \
\
1.0x10° /! /
7/
- H’ p \ /
mag
5.0x10° £
/ \
L _ . V \ /
0.0 == ;
0.030 0.035 0.040 0.045
Time [s]
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