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One class of  modern pulse power generators use deionized 
water as an energy storage, switching  and transmission dielectric. 
Water is chosen for its high  dielectric constant and relatively  high 
resistivity, which allows reasonably sized and efficient  low-imped- 
ance  high-voltage pulse lines where pulse durations are  less than 
lo0 p s .  Water/ethylene  glycol mixtures are being researched, so 
that  rotating machinery, rather than  the usual Marx generator, can 
be used as the  primary energy store. The high resistivity and high 
dielectric constant of these mixtures at low temperature permit 
low-loss  operation  on  millisecond  time scales. 

Simple  design  criteria  linking  load parameters and charging cir- 
cuit characteristics to the  liquid  dielectric are developed  which 
show  that  the  dielectric constant, breakdown strength, and relaxa- 
tion  time are the  primary properties of interest to the pulse power 
engineer. O n  time scales greater than lo0 p s ,  injection  of space 
charge, with density q and  mobility p, affects the charging and 
discharging  circuit characteristics, introduces  the  time constant of 
the  time  of  flight for injected charge to migrate between elec- 
trodes, and increases the  effective  ohmic  conductivity a to a + qp. 
A drift-dominated  conduction  model is used to describe measured 
space-charge effects. 

Kerr electrooptic  field  mapping measurements show strong 
space-charge effects with significant  distortions  in  the  electric  field 
distribution  a  few  hundred microseconds after high voltage is 
applied. The injected charge magnitude  and sign depends on  the 
electrode  material. Thus by  appropriate  choice of electrode material 
combinations  and  voltage  polarity,  it is possible to have uncharged 
liquid,  unipolar-charged negative or positive, or bipolar-charged 
liquid.  An  important case  is that of bipolar  injection,  which has 
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allowed  up  to a 40 percent higher applied voltage without break- 
down  than  with  no charge injection, and thus a doubling  of stored 
energy due to the space-charge shielding  which lowers the electric 
field strengths at both electrodes. Although  injected space  charge 
increases the stored electric energy over the capacitive space- 
charge-free energy, (1/2)CV2, more energy is required from a 
source during  charging and the energy delivered  to a resistive load 
is reduced because of internal dissipation in the capacitor as the 
charge is conducted to the electrodes. However, it appears that this 
extra dissipation  due to injected charge  can  be  made negligibly 
small  and well  worth  the price if  the space  charge allows higher 
voltage  operation for long charging time or repetitively operated 
machines. 

I .  PULSE  POWER OVERVIEW 

Pulse power  technology 
including  directed energy 

has many diverse applications, 
weapons, inertial  confinement 

fusion [1j-[41, simulationof nuclear  weapons, electric guns 
[5], and radar, all  of  which  require very high electrical 
power levels for short  times. The average power for these 
devices is low to moderate (watts to  kilowatts); however, 
the peak  power levels are very high (megawatts to  tera- 
watts), typically  producing megavolts and megamperes, but 
for  short  times on  the order of 100 ns. Electrical energy is 
collected  and  stored at a relatively low  input  power,  like 
1 kW,  for a relatively  long time, like 1 s, and  then  dis- 
charged in a much shorter time,  like 1 p s ,  at a much  higher 
power  level,  being 1 GW for  our representative  numbers. If 
losses are negligible, energy conservation requires the  input 
and  output energies of IO3 J in  our example to  be  the same 
so that a power  gain  of a million is realized! Since energy is 
the  integrated  product  of  power  and  time,  the  output 
pulsewidth decreases by  the same factor from  the  input. 

Modern  pulse  line  technology  originated  with  the  devel- 
opment  of radar during  World War II and subsequent early 
fusion  programs.  Much of the present-day technology was 
first  actively  pursued in  the early 1960s at the  Atomic 
Weapons Research Establishment (AWRE), Aldermaston, 
England, under  the  direction  of J. C. Martin. Their first 
applications  were flash radiography and measurements of 
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transient  radiation  effects. Since then many  other  applica- 
tions  have arisen, including plasma compression,  intense 
electron  beam  generation,  intense  light  and  heavy-ion  beam 
generation,  electromagnetic  pulse  testing,  lightning  simula- 
tion,  and laser excitation [2]. 

Most  pulsed  power  machines are characterized by  charg- 
ing  time scales around 1 ps. The pulse-forming  line (PFL) 
charging is commonly  done  from  a Marx bank, serving as a 
primary energy  store  and also yielding  voltage  gain. 

The  power  amplification  in a single PFL is modest, typi- 
cally  about IO, while for  multistage  machines  the  total 
power  gain can be as much as Because the charge is 
on the PFL for such a short  time, nominally  pure  water  with 
resistivity p = 2.5 MO . cm and  dielectric  relaxation  time 
T = 15  ps i s  adequate. The effective energy density in  the 
PFLs can be large (0.1 to 1 MJ/d)  because the  maximum 
electric  field  without  breakdown increases with decreasing 
pulse  duration. 

Slower  charged  machines are characterized by PFL charg- 
ing  times  from 2-100 ps, commonly  done  by  discharging  a 
conventional  capacitor  bank  and  ringing  up  the  voltage  in 
the PFL via  an  inductor or transformer. The power  amplifi- 
cation  in  the PFL is then  from IO-IOOO. This class of ma- 
chines  requires  the use of  purified water to  allow  charging 
times in excess of 15 ps. 

A conceptually  new class of  pulsed-power  device is  
charged in  times  exceeding a millisecond. The slow  charg- 
ing  of  the PFL can  be accomplished  with  turbine-driven 
rotating  machinery  (alternator,  compulsator)  ringing up 
through a transformer  and can have a power  amplification 
of  order IO’. The  power  train may not  require a first 
intermediate energy  store but  would  require  the use of very 
pure  cooled  water/glycol  mixtures  for  the  long  charging 
time [6]. 

In  terawatt  peak  power,  megawatt average power  ma- 
chines,  energy  efficiency is of  prime  concern.  Ohmic losses 
and  other  inefficiencies can be expected to produce  waste 
heating near the  megawatt  level.  Flowing  liquid heat  trans- 
fer systems will  be  required.  In  addition  to  serving as 
electric  insulation,  glycol/water systems are excellent heat 
transfer  agents,  suggesting  that i t  may  be desirable  for  the 
entire  power train to be immersed in the  cool,  purified, 
liquid  dielectric. 

Fig. 1 schematically  illustrates a large pulsed  power  ma- 
chine used in  inertial  confinement  fusion  experiments at 
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Fig. 1. A representative  pulse  power  machine  such as 
Sandia National Laboratory  Particle  Beam  Fusion  Accelera- 
tor-I (PEFA-I)  consists of a slowly  charged  primary  energy 
storage unit, usually  a  Marx  capacitor  bank  under  insulating 
oil, a  water dielectric intermediate  energy  store  capacitor,  a 
switched pulse-forming line (PFL) which also  compresses 
the waveform in time,  and a magnetically  insulated trans- 
mission line which delivers  the  power  pulse to a  vacuum 
diode to produce  energetic  electrons  or light ions, which are 
accelerated  and focussed by electric  and  magnetic  fields 
onto a  target. 

Sandia National Laboratory [7]-[9]. It is one  module  of  the 
Particle  Beam  Fusion  Accelerator I (PBFA-I) machine. The 
complete  machine consists of 36 modules  and generates a 
30-TW  output  pulse.  In  this  machine,  commercial  60-Hz ac 
power is first  converted to high-voltage  direct  current  which 
is  used to  slowly charge the Marx generators at a rate of 
40 kW  in  about 100 s to store about  4 MJ if  we  neglect 
losses. When charged, the  Marx  capacitor  bank is  switched 
to pulse-charge  the water dielectric  intermediate  capacitor 
in a few microseconds. This capacitor is then  switched  by a 
gas spark gap to the  water PFL which shapes the  output 
pulse to  about 40-ns duration  when  it discharges into a 
water  transmission  line  which  connects  through  a  water 
prepulse  switch, to a magnetically  insulated  transmission 
line  which transfers  about  40-TW  power  neglecting losses 
(actually = 30 TW because of losses) to  the  reaction  cham- 
ber. Note  that  the ideal  power  gain which  neglects losses i s  
more  than  nine orders  of magnitude!  In  this  machine,  water 
is used  for  the storage medium  in  the  intermediate store 
and for storage and  switching  in  the  pulse-forming  line. 

In  1986, PBFA-I completed its program  of  fundamental 
research on  inertial  confinement  fusion.  It is being  con- 
verted  into  a large-area X-ray source  for X-ray effects  testing 
and has been  renamed Saturn [175]. Inertial  confinement 
fusion research continues  with  the 100-TW PBFA-II [176]. 

Inertial  confinement  fusion  machines [10]-[15] and 
nuclear  weapons  simulators [I61 present  the  most  stringent 
requirements in  pulsed  power  technology  for  single-shot 
applications. For most  of  the very high  power  applications, 
i t  i s  desirable to keep  the  output  line  impedance on the 
order  of 1 s2 or less to match  typical  loads which  require 
many  megamperes at a few  megavolts. As wil l be  shown, 
such low-output impedances are most  practically  obtained 
wi th  water  dielectric PFLs. 

It. PULSED POWER SYSTEMS 

A. Notable  Machines 

A partial  listing  of  modern  pulsed  power  machines  and 
their  salient  characteristics is given in Table 1 .  Early oil 
dielectric  pulsed  machines [I61 were  concerned  with X-ray 
generation  from  energetic  electron-beam bremsstrahlung, 
thus  requiring  high  voltage pulses. Initial energy storage 
used a Marx  capacitor  bank  insulated by transformer  oil 
chosen  for  its  high  electric  breakdown  strength. These ma- 
chines  such as Hermes  and  Aurora [I], [7], [8], [15]-[I81 also 
used oi l  as the  switch, PFL, and  transmission  line  dielectric. 

In  addition  to  high voltage, ion beams from  the  diode  for 
inertial  confinement  fusion also need  high  currents so that 
a l ow  wave  impedance  transmission  line is desirable to 
match  to  the  low impedance  load. This is accomplished 
using  a  high  dielectric  constant  material,  which also has the 
desirable  effect  of  shortening  the transmission line  for a 
given  pulse  length.  Purified  water is generally  used because 
it has a  high relative  dielectric  constant c, 80. in  addition 
to  the  machines  listed  in Table 1,  water lines are also used 
in many  other  pulsed  power  machines [54]-[65]. 

8. Circuit  Designs 

7) Pulse-Forming Line (PFL) Geometries: As previously 
described,  the  final energy  store before  the  load is usually a 
pulse-forming  line (PFL). I t  is used to generate the  ap- 
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Table 1 Notable Pulse  Power  Machines 

Machine 

Repre- 
sentative 
Date  Facility 

Representative 
Output Ratings 

Application/ 
Significance 

SPASTIC [7], [8] 

Oil Dielectric 
Hermes-l [I], 171, [8] 

Aurora [I], [16],  [I71 

Hermes-ll [I], [7], 
181, [I81 

Water Dielectric 
Nereus [7], [a] 

1964 

1965 

1966 

1972 

1968 

1970 

1972 

1972 

1974 

Ripple [7], [a], [I91  1976 

MITE/MITL [7],  [a] 1978 
(Test of Particle 
Beam  Fusion 
Accelerator-I 
(PBFA-I) technology) 

Pulselac [7], [8], [22] 1979 

Radlac [7], [8] 
(Radial  Line 
Accelerator) 

1979 

Atomic  Weapons Research 3 MV, 50 kA 
Establishment  (AWRE), 
Aldermaston,  England 

Sandia National  Laborato- 3 MV, 50 kA 
ries  (SNL) with AWRE 
collaboration 

SNL 3 M V ,  = 50  kA 

Physics International 
(PI)/Harry Diamond 
Laboratory 

SNL 

SN 1 

SNL 

SNL 

SNL 

SN L 

SNL 

SNL 

SNL 

SNL 

15 MV, 1.6 MA, 24 TW, 
3 MJ, 120 ns 

13 MV, 100 kA, 1.3 TW, 
100 k), 80 ns 

350 kV, 100 kA, 2 52 

1 MV, 500  kA, 1 MA, 

400 kV, 0.7 MA, 70 ns 
50 kJ, 152 

2 MV, 5 0 0  kA, 1 TW, 
20 kJ, 20 ns 

1-3 MV, 750 kA, 2 8, 
40-60 ns 

1.5 MV,  6 MA, 8 TW, 
250 k], 20 ns 

208 kJ  Marx 

10 MV, 100 kA,  60 ns 

9 MV,  25 kA, 12 ns 

Initial operation  of  first  pulsed 
power  accelerator  at  AWRE; 
start of pulsed  power  technol- 
ogy transfer to Sandia National 
Laboratory. 

First  US  pulsed power  accelerator 
operation. 

Oil-filled Blumlein accelerator; 
extendable technology for 
high-voltage  accelerator  and 
simulation  facility. 

Designed to produce  an  intense 
radiation  pulse  by  electron 
beam  bremsstrahlung. 

Used as a flash X -  
ray  generator. 

Sandia’s first  low-impedance 
water-insulated  dielectric  line, 
solid  dielectric  switched unit. 

Pinching  and  fusion  experiments 
started. 

Sandia’s first  Mylar-ininsu- 
lated,  low-impedance  accelera- 
tor with multiple beams.  Beam 
pinch experiment led  to Sandia 
fusion  program. 

First double-sided  multichannel 
switched  accelerator  specifi- 
cally  designed  for  fusion ex- 
periment. Large-scale  tests of 
triggered  and  untriggered mul- 
tichannel oil switch. 

Research  water  pulse line tech- 
nology. Provided  untriggered, 
multichannel  water  switching 
and  staged switching for 
short-pulse,  high-power out- 
put. Later,  magnetic  flashover 
inhibition and  water  convo- 
lutes  were  developed. 

First multirnodule  water-in- 
sulated  accelerator  for  fusion 
experiments;  self-breaking 
water  switch. 

Magnetically  insulated  transmis- 
sion line. Developed  prepulse 
shields,  convoluted  lines, mag- 
netic  insulation,  pulse  inver- 
sion,  dual  polarity,  power  flow, 
and 90 percent  efficient  mag- 
netically  insulated  power flow 
for 7 m  at  10”  W/cm2. 

Compact  linear  inductive  acceler- 
ator.  Magnetic  insulation  of 
multiple gaps  and  space-charge 
neutralized transport. First 
experimental  verification  of 
new  low-cost means  extend- 
able to generate  intense ion 
beams  at 100 MeV  or  more. 

First  modular  multistage high- 
current  accelerator with cavi- 
ties employing radial  transmis- 
sion  lines. 

Table continued  on page 7185 
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Table 1 Continued 

Full  power  test  of PBFA-I mod- 
ule. 

Adoption of  ion baseline  ap- 
proach for PBFA-I  and I \ .  Pulse 
inversion  and  stacking  demon- 
strated to allow  higher  voltage 
modules  of  either  polarity. 

Allowed full-scale  module  testing 
of  PBFA-II  concepts; 20' sector 
of PBFA tank which can  house 
up to 4  accelerator  modules. 

36 separate pulsed-power accel- 
erators for development  of  fu- 
sion  technology.  Retired in 
1986 from fusion  research  and 
is being  converted  for X-ray 
testing with new  name,  Saturn. 

Upgrade of PBFA-I for ignition 
scaling  experiments.  First  suc- 
cessful  shot  Dec. 1985 at 70 
percent  of  capacity. 

X-ray  simulator  using  PBFA-I 
technology. 

~~ 

Forerunner  of  high-energy (750- 
kJ)  class of water  dielectric 
generators.  Used  tapered  trans- 
mission line to achieve low 
output impedance without ad- 
versely affecting  pulse rise time 
due to switch  inductance. 

Upgrade of Gamble 11; uses trans- 
former oil instead of water in 
output switches. 

150-kJ electron-beam  generator 
used for  experiments  on  strong 
focusing  diodes,  material  re- 
sponse  studies,  and  beam- 
plasma  interactions. 

1/20th  slice  of  Roulette, a con- 
ceptual  design  for a 40-50-TW 
modular  accelerator  designed 
to drive imploded plasma  or 
particle  beam  loads  for  nuclear 
weapons  simulation. 

Uses two Eagle  modules as a 
radiation  simulator  using  either 
imploded plasma  sources  or 
particle-beam  diodes. 

Series  of terawatt-level, low-im- 
pedance  coaxial  pulse  genera- 
tors for  nuclear  weapons  ef- 
fects simulation. 

Single-stage  machine. 

First  pulser to operate with a 
12-channel,  self-closing multi- 
site, water output switch.  2- 
stage pulser. 

Multichannel  water  switches  and 
high  dielectric stresses. 3-stage 
pulser. 

Switched  modular  sections  of 
pulse-forming  lines  for  power 
gain  by  pulse  compression in 
time. 

Upgrade  of  Blackjack 5. Convo- 
luted power flow experiment 
with dual  pulse  forming  lines, 

HydraMlTE [7], [SI 1979 SNL 2 MV, 400 kA, 0.8 TW, 
35 ns 

MITE,  HydraMlTE 
[71,181 

1979 SNL 

SuperMlTE [7], [8],  [23]  1979 SNL 
(PBFA-II module) 

2 MV, 15 MA, 30 TW, 
I MI, 35 ns 

2-16 M V  (typically 
3 MV), 100 TW, 3.5 MJ, 40 ns 

PBFA-II [23], [27]-[30], 1984 
11 761 

SNL 

1 MV, 2.5 MA, 2.5 TW, 
20ns 

1 TW, 215 k), 63 ns 

SPEED 1311 1983 SN L 

Gamble \I [32] 1971 Naval 
Research 
Laboratory 
(NRL) 

1.78 TW. 45 ns Gamble  IIA [32],  [33]  1979 NRL 

Owl I1 [34] 1973 Physics 
international 
(P') 

1 MV, 500 kA, 2 Q ,  
180 ns 

PiTHON [35],  [36] 1976 PI 

Eagle [37]-[42] 1981 PI 

I .6 MV, 3 MA, 4.8 TW, 
0.56 0,90 ns 

2 MV, 1 MA,  2 TW, 
200 kJ) 100 ns 

Double Eagle [41]-[43] 1983 PI 

Blackjack  Series [44]-[471 

1.7 MV, 5.4 MA, 7 TW, 
75 ns 

Maxwell 
Laboratories 
(ML) 

1 
2 

1968 
1969 

1974 

2 MV, 30 k], 
1.5 0, 0.75 TW 

2 MV, 1 MA,  1.3 TW, 
3/4 Q ,  40 kJ, 60 ns 

3 

1976 5 TW 4 

5 . 1978 3 MV, 5 MA, 10 TW, 
500 kJ, 50 ns 

1981 12  TW 

-~ ~ 

Table continued on page 1186 
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1976 

1972 

Table 1 Continued 

dual  transmission  lines,  and  a 
double  back-to-back  diode. 
Now decommissioned. 

Casino [48],  [49] Defense  Nuclear  Agency, 4 MV, 40 kJ/line, Four  parallel  machines  similar to 
Naval  Surface  Weapons 70 ns, 1.5 il Gamble I1 using  triggered  water 
Center, built by Maxwell switches. 
Laboratories,  Inc. 

Angara-5 [SO] I. V.  Kurchatov Institute of 2 MV, 800 kA, 102 kJ, One module for 48 rnultimodule 
Atomic  Energy,  Moscow, 90 ns accelerator  for relativistic  elec- 
USSR tron beam. 

Vodyanoi [SI] Novosibirsk Institute of 1 MV, 110 kA, 45 ns Successfully  used in experiments 
Nuclear  Physics, USSR on transport  efficiency of elec- 

tron beams  and  the interaction 
of electron beams with plas- 
mas in a  magnetic field. 

Voda 1-10  [SI] 1973 Novosibirsk 1 MV, 200 kA, 60 ns 
Malyutka [SI] Novosibirsk 600-800 kV, 

Akvagen [SI] Novosibirsk 2.5 MV, 400 kA, 60 ns 
Reiden IV [52]  1980 Institute of Laser  Engineer- 1.4 MV, 1.4 MA, 1 TW, Light-ion beam-driven  fusion. 

ing,  Osaka,  Japan 150 kV, 60 ns 
Sidonix [53) 1980 Centre de Valduc,  France. 1 MV, 1 MA, 50 kV  Intense  particle  beam  generator. 

150 kA, 30 ns 

propriate pulse characteristics  for  the  load. A rectangular 
pulse  of  specified  voltage  and  current (and, therefore, im- 
pedance  and  power) i s  most easily obtained  with a PFL, 
which is usually a transmission  line  segment  which has a 
characteristic  impedance  nominally  matched to the  load 
impedance  and  a  two-way  transit  time  equal  to  the  desired 
pulse  length [66]. More  elaborate  pulse-forming  networks 
use Blumlein  techniques or double-bounce  switching  to 
superpose  reflections  by  proper  matching  of  traveling-wave 
times  and  voltage-time  characteristics  of  switches [67], [66]. 
The PFL can  have any transmission  line  geometry, such as 
stripline, coax,  triax,  or  triplate.  In  the  following discussions, 
we  wi l l  consider  only a coaxial geometry.  However,  the 
conclusions  still  apply  either  directly or in  a  modified  form 
for PFLs of  other  geometries. 

2) Coaxial Line: A coaxial transmission  line,  with  a  non- 
magnetic  dielectric  initially  charged  to a voltage V,, is to 
deliver a constant  power P for a time T after the  load 
switch is closed  to  a  matched resistive load 

where c = c o c r ,  p = po,  and (po/co)1/2 = 1 2 0 ~  = 377 i2. 

The  line is to be  operated  with  maximum  electric  field E,,, 
without  breakdown. 

For the  coaxial  line,  the  maximum  electric  field is at the 
inner  cylindrical  electrode so that  the  maximum  voltage 
that can be  applied  without  breakdown is  

b 
V, = V,,, = aEmax In - 

a 

Fast charging  offers an advantage, as E,,,,, is larger  for short 
time pulses. After  the  switch is closed, the  load  voltage is  
constant at V,/2 for a round-trip  wave  propagation  time  of 
2 t f i  fixing  the  line  length  in meters at 

T 1.5 X 1 0 8 T  e= - - 
2J;F: - 6 ( 2 . 3 )  

The  current  and  power  delivered  to  the  load is then 

The  energy  initially  stored  in  the  line is then  all  delivered 
to the  load 

Note  that  the  stored energy increases with  the  permittiv- 
ity  of  the  dielectric  while  the  line  length decreases. 

3) Design Considerations: If the characteristics of  the 
load are not fixed, the  pulsed  power system designer has 
many  options  in  designing his system. Even when  the  load 
impedance i s  fixed,  there are many  tradeoffs  which  must  be 
made  that  affect  efficiency,  voltage reversal in  the  load  and 
PFC, size,  cost, etc. [69]. 

The  line  geometry can be picked to optimize ratings 
subject to  fixed constraints  by  finding  calculus  maxima or 
minima. From (2.2) the  maximum  voltage  on  the PFL for  a 
given Emax and  outer  radius ( b )  occurs when  the  ratio  of 
the  outer to  the  inner  radius is b/a = e 2.72. With this 
ratio,  the  maximum  voltage  and  impedance are 

b b 
- = e * V,,, = ;E,,, 
a 

Maximum  power  output P, for  iven c r ,  E,,,, and b is 
obtained  from (2.4) when b/a = ? e = 1.65. With this  ratio 

In  many  applications,  the  principal  factor in  the cost of a 
PFL i s  the  total surface area (TSA) of the  inner  and  outer 
conductor [TSA = 2 d ( b  + a)].  A minimum  total surface 
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Table 2 Design Parameters for I-MJ, I y s  PFL (E,,, =IO MV/m) 

WATER: E, = 80, Length =16.8 m 
Minimum 

Minimum M a x  TSA for 
M a x  Power TSA for  Voltage  Fixed 

(2.7) 1 -TW  Power (2.6) Impedance Z, 
b/a 1.015 1 .I6 1.65  2.09  2.72  4.44 9.1 9 1,726 
2, (Q) 0.1 1 .o 3.4 5.0  6.7 10.00  14.9 50.0 
Charge 

voltage 
v, (kV) 632.5  2000  3688  4472  51  77  6325  771 5 14 142 
v, (kV/m) 147 1282  3048  3549  3672  3364  2422  43 

J (m) 4.24 1.34 0.73 0.60 0.52 0.42 0.35 0.1  9 
b (m) 4.30 1.56 1.21 1.26 1.41 1.88 3.20 329 
TSA (m2) 900 305 204 196 203 243 3 74 34  672 

Volume  (m3) 29  33  49  65 90 177 533 5 697  835 
Dielectric 

~~ ~ ~~~ ~~~ ~~~ ~~ 

011: L, = 3.0, Length = 86.6 m 
Minimum M a x  Minimum TSA 

M a x  Power TSA for  Voltage  for  Fixed 
(2.7)  1-TW Power (2.6) Impedance Z, 

b/a 1.003 1.029 1.33 1.65 2.09 2.72 4.23 9.1 9 17.93 
z, (9) 0.1 1 .o 10.0 17.35 25.54 34.66 50 76.8 100.0 

voltage 
v, (kV) 632.5  2000  6325  8331 10107 11 775 14142  17 532  20 000 
v, 

W / m )  28.8 281 21 66 3036  3528  3678  3408  241 5 1608 

Charge 

d (m) 21.9  6.92  2.19 1.66  1.37 1.18 0.98 0.79 0.69 
b (m) 22.0 7.1 3  2.92  2.74  2.86 3.20 4.1  5  7268 12.44 
TSA  (m’) 23  865  7646  2782  2398  2305  2382  2791  4385  71  44 
Dielectric 

volume (m3) 755.8  776 1020 1297 1723 241 1 4425 14 203 41 956 

AIR:  t, = 1 I Length = 150 m 

M a x  Power  for  Voltage  for  Fixed 
Minimum TSA Max Minimum TSA 

(2.7) 1 -TW Power (2.6) Impedance 2, 
b/a 1.002 1.01 7 1 . I8  1.65 2.09 2.30 2.72 5.29 9.1 9 
2, (0) 0.1 1 .o 10.0 30.0 44.2 50.0 60.0 100.0 133 

voltage 
v, ( W  632.5  2000  6325 10 954 13 297 14142  15492  20000 23  065 
v, 

Charge 

(kV/m) 17 164 1409 3034  3527  3626  3680 31 50 241 5 

d (m) 37.9 12.0 3.80 2.1 9 1.80 1.70 1.55 1.20 1.04 
b (m) 38.0 12.2 4.49 3.61  3.77 3.90 4.21  6.35  9.55 
TSA  (m’) 71  493  22  779  7792  5463  5250  5275  5425  71 1 7  9985 
Dielectric 

volume (m3) 2261  22%  2680  3881  51 78 5822  7249 18341 42 508 

area is  obtained  for a given P ,  E,,,, and q ,  when b b 

b a  b a 

a b  a (2’8) Then,  the  output  power is given  by 

(2.10) 

211-1- = - + 1 + - = 2.09 

for  which  the  outDut Dower is h F 2  h2 
I ,  - 

b 
a 1423 ’ 

- = 9.79 j p =  -Inax- (2.11) 6 EAax b2 a Z, (68.63) ’ 
In - 2.09 * P = (2.9) This  requires  that  the  dielectric  constant satisfies 

For a given q ,  E,,,, and b, the  power  output  of (2.9) which 60 b 133 
minimizes  total  electrode surface area is  only  about  8  per- h = - - I n - = - - .  (2.12) 
cent  lower  than  the  maximum  power  given  in (2.7). 

z, a z, 
O n  the  other hand, if the  power P and  load  impedance Table 2 wil l  help clarify these subtle,  interrelated  results. 

(and,  therefore, Z, for a matched  load) is specified  for a In  this table,  basic designs are presented  for PFLs which  will 
given E,,,, the  minimum TSA is obtained  when supply a megajoule in a pulse length  of 1 ps (i.e., IO1* W for 
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1 ps). For these designs, the  breakdown  strength  of  the 
dielectric is  assumed to be  100 kV/cm  for  water  with 
E, = 80, for  transformer  oil  with 6, = 3, and  for air with 
E, = 1. 

In these tables  the  major  design parameters are given as a 
function  of  the  ratio  of b/a. The ratios  of b/a for  maximum 
power (2.7) (b /a  = 1.65), minimum surface area with  fixed 
E, (b /a  = 2.09) or fixed Z, (b /a  = 9.19), and  maximum 
voltage (2.6) (b /a  = 2.72), are listed  along with ratios which 
give  representative  impedances on  either  side  of  these 
values.  Note  that  the  impedance values for  reasonable b/a 
ratios  for  the  water  line are in  the  1-10-3 range, while  the 
impedance values  for  reasonable values of b/a for  the 
transformer  oil  and air lines are in  the  10-100-3 range, The 
only  change is  the  dielectric  constant  of  the  liquid  dielec- 
tric. For low-impedance loads, a high  dielectric  constant is 
desirable;  for  higher  impedance loads (> 50 3 )  a lower 
dielectric  constant is imperative. 

The  physical  length  of  the PFL given  in (2.3) is de- 
termined as soon as the pulse length  and E, are specified. 
For long  pulses  practicality  dictates  that E, be  large, which 
implies  that  the  line  will  be a low-impedance  line. A water 
line  of  16.8-m  length is practical  for 1-ps pulses; however, a 
150-m  air  line is of  questionable  practicality. 

In  analyzing Table 2, keep  in  mind  that  all  of  the  lines 
listed  will  deliver an output  pulse  of 1 TW  for 1 ps into a 
matched  load. The tables show how b becomes  impracti- 
cally large for  high-impedance  water  lines  and  low-imped- 
ance air and  oil lines.  The  intent  of these tables is to 
indicate  the range  of applicability. The total surface areas 
listed  for  the  water  lines  with  impedance  between 1 and  10 
3 are practical. 

4) Comparison of Oil and Water as a Dielectric [6], [69]: 
For comparison purposes, Table 2 assumed that  all  dielec- 
trics  were  operated at the same maximum  field  of E,,, = 100 
kV/cm. For  fast pulses the  breakdown  strength  of water is 
= 150  kV/cm  and  for  oil = 350 kV/cm. This increase in 
breakdown  strength  of  oil over water  greatly reduces the 
total surface area and  dielectric  volume  required  for an oil 
line  from  that  listed  in Table 2  and makes the  benefits  of a 
water  line less obvious. To examine  the  effects  of an in- 
creased  electric  breakdown  strength  on  oil and water  lines, 
we  consider  in Table 3 the same output parameters  of a 
load  energy  of 1 M] to be  delivered  in 1 ps for a constant 
pulse  power  of 1 TW. To meet these output  requirements, 
Table 3 lists  the  matched coaxial transmission  line  parame- 
ters for the cases of a fixed  load resistor R, = 10 D and  for 
an optimum  load resistance R ,  = 30/f i ,   to maximize  the 
output  power as given by (2.1) and (2.7). 

For the case of R, = 10 3, Table 2 shows that an oil  line 
wi th a breakdown  strength  of 100 kV/cm  requires a TSA of 
2782 m2 and  a  dielectric  volume  of 1020 m3. Table 3 shows 
that  increasing  the  breakdown  strength to 350 kV/cm greatly 
decreases the TSA to 800 m2 and  dielectric  volume to 84 m3. 
Similarly  for  water,  the  more  modest increase of  breakdown 
strength  from 100 to 150 kV/cm decreased the TSA from 
243 to 162 m2 and decreased the  dielectric  volume  from 177 
to 78 m3. 

Similar decreases in TSA and  volume  occur  for a line 
impedance  which maximizes  the  stored  energy. For  an oil 
line  with  impedance 17.3 3, the TSA decreases from 2398 to 
686 m2  and  the  volume decreases from 1297 to 103  m3 as the 
breakdown  strength increases from 100 to 350 kV/cm.  A 
water  line  with  impedance 3.35 3 has a decrease in TSA 

Table 3 Comparison of Transmission  Line  Parameters  Between Oil 
and Water Dielectrics [6],  [69] 

DESIGN  CONSTRAINTS 
~ ~~ 

Pulse duration T = 1 p s  
Load  energy 1 MJ [Load  Power = 1 TW] 

MATERIAL  PARAMETERS 
Oil Dielectric Water Dielectric 

Relative permittivity e, 3 80 
Electric breakdown 

strength E,,, 3.5 X IO’ V/m  1.5 X IO’ V/m 

TRANSMISSION LINE DESIGN 
Length  86.6 rn 16.8 rn 

Fixed Load Resistance Design: R, = 10 Q 
Load  voltage V0/2 = 3.16 MV 
Charge  voltage V, = 6.32 MV 
Load  current 316  kA 
Inner radius a 0.63  m  0.28  m 
Outer radius b 0.84 rn 
TSA = 277 ( a  + b) t  

1.25 rn 
800 rn2 162 r n 2  

Volume of liquid = n(b2 - a 2 ) t  84  m3 = 22 OOO gal  78 rn3 = 21 000 gal 

Energy Design 
R, = 30/e,  17.3 Q 3.35 Q 
Load  voltage V0/2 4.1 6 MV 1.83 MV 
Charge  voltage Vo 8.32 MV 3.66 MV 
Load  current 240 kA 546  kA 
Inner radius a 0.48 rn 0.49 r n  
Outer radius b 0.78  m 0.81 rn 
TSA = 211 (a + b)L 686  m2  137  m2 
Volume of liquid = r(b2 - a * ) /  103 r n 3  = 27 000 gal  22 rn3 = 5800  gal 

Load Resistance to Maximize Stored 
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from 204 to  137 m’ and a decrease in  volume  from 49 to  22 
m3 as the  breakdown strength increases from 100 to  150 
kV/cm. A further increase in water breakdown  strength  will 
provide  even  further decreases in TSA and  volume, 

For a fixed  pulse  duration,  the water line is much shorter 
than an oil  line. For a fixed  load resistor and  the same 
output energy and  power, a  water dielectric coaxial line has 
a  larger outer radius, smaller inner radius, and  much smaller 
total surface area (TSA) than  the  oil line, although  both 
have about  the same volume  of  dielectric  liquid.  With a 
fixed  load resistor, water  lines tend  to be short  and fat 
while  oil  lines are long and skinny. 

A water  line requires a smaller load resistance for  maxi- 
mum stored energy but  with  comparable  inner  and  outer 
radii  to  the oil line. However, the shorter line  length leads 
to  a much smaller electrode surface area (TSA) and smaller 
dielectric  volume. 

Thus we see that  the larger breakdown strength of  oil 
over  water i s  not large enough to overcome  the great 
advantage of  dielectric constant that water has over oil 
which leads to  shorter line lengths, smaller TSA, and smaller 
volume. This, together wi th water’s low cost, nontoxicity, 
nonflammability,  and easy,  safe handling  and disposal, usu- 
ally makes water  the  dielectric  of  choice in  pulsed  power 
transmission  lines. 

5) Effects of Mismatch: If  the  load is not  matched to the 
PFL, reflections  will occur at the PFL/load interface. This 
results in  lower peak power in the load. The reflected 
power  will  return  to  the  load at a later time  and is wasted 
or  detrimental [70]. 

These undesirable aspects of  mismatching  the  load  and 
PFL sometimes can  (or must) be accepted. We  define  the 
efficiency Eff as the energy dissipated in  the  load in  the 
desired  pulse  time  (the electrical length  of  the PFL) divided 
by  the  total energy  stored in  the PFL. If x is defined as the 
ratio  of  the  load resistance R to  the characteristic imped- 
ance Zc of  the PFL ( x  = R/Zc), then  the  efficiency is given 
by 

where I?, = ( x  - l)/(x + 1) is the  load  reflection  coeffi- 
cient.  Note, as a check, that for x = 1, the  efficiency is 1. 
The function 4x/(1 + x) ’  is relatively  slowly varying. For 
example, if x = 2 (or 1/2), the  efficiency is 89 percent; if 
x = 5 (or 1/5), the  efficiency is 56 percent. 

6) PFL Charging: Before the PFL is switched  to  the  load, 
the  line  must  collect and store the electrical  energy with 
negligible loss over the charging interval. For char ing times 
much  longer  than  the wave propagation  time fd, the  line 
inductance is  unimportant  and  the PFL looks to the charg- 
ing source like a lossy capacitor C with shunt resistance R 
due to  finite  conductivity  of  the  dielectric [6], [69],  [71]. 

The circuit RC time constant equals the  dielectric relaxa- 
t ion time, T = c/u ,  independent  of  electrode  geometry  and 
applied  voltage [72].  The ratio  of charge time to  discharge 
t ime is a measure of  the  power gain in  the PFL. Unfor- 
tunately,  polar  liquids  with  the desirable property  of large c 
have low resistivity in  comparison with nonpolar  liquids 
(e.g., insulating oils)  whose complementary  drawback is 
small c. In  proof-of-principle, single-shot machines, energy 
loss during  charging is  not an issue, but for  commercial, 

repetitively  operated devices, efficiency becomes an over- 
riding issue. 

The  efficiency in charging a PFL depends  strongly on T .  

Consider a charging voltage of the arbitrary form 

v (  t) = V,f( t )  (2.14) 

where V, i s  the  final charging  voltage  achieved at the  time 
tc. The function  f( t)  is an  arbitrary function  of  time  with 

f ( 0 )  = 0 

f ( t , )  = 1 .  (2.15) 

The energy stored in  the PFL at the  end  of charging at time 
t, i s  

w, = :cy’. (2.16) 

The ohmic  energy lost during  the  charging  time is 

1 
Jo”v2( t )  dt wa = 2 

= -rf K2 ’( t )  dt 
R 

Hence  the  ratio  of  ohmic loss to energy stored is  

- w, wc = r i [ 2S l f ’ ( t / t c )~ ( t / t c ) ]  0 

= a f c / T  (2.18) 

where  the  integral  term a depends only on the charging 
waveshape and  for  common charging cycles 0.5 B a 6 1. 
For example, ramp charging with f ( t )  = t / t ,  has a = 2/3. 
Equation (2.18) tells us that  the  fractional energy lost  de- 
pends on the  ratio  of charging time  to  dielectric  relaxation 
time. For efficient  pulsed  power operation, T must  be made 
much larger than tc. 

The  development  of  low-cost resin deionizers  allows 
economical  purification  of water to raise its resistivity, 
limited  only  by  thermal  generation  of carriers. Water at 
20°C has T = 128 ps, rising to  T = 670 ps at 0°C. Thus from 
(2.18) we see that  the energy dissipation  ratio at 0°C is 
about 1/5 that at 20°C. 

Ohmic  heating  during  the  charging cycle will increase 
the  ohmic  conductivity  of  the  water. The change is  negligi- 
ble  for  single-pulse devices but can become  significant  for 
repetitively  pulsed  operation.  Rotating machine energy stor- 
age is being researched as compared to capacitive storage 
because of i ts much  higher energy density [73],  [74]. How- 
ever, this will require  line charging  times on the order of 
milliseconds rather than microseconds, so that  the  line 
dielectric  must have a  relaxation time  of many milliseconds. 
Mixtures  of  ethylene  glycol  and  water are being  investi- 
gated because they  maintain a high  permittivity  with  high 
resistivity which is even further increased with  low-ternper- 
ature  operation, possible because of  the  freezing  point 
depression  due  to  glycol. Relaxation  times up  to 65 ms at 
-35°C have been achieved. Efficient charging  times in  
excess of 1 ms show  that  power gains of I O 5  are achievable 
in  the PFL alone  and suggest that first energy storage in 
Marx  or  conventional capacitor banks may not  be  required. 
Physical and chemical  properties  of  water/ethylene  glycol 
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Table 4 Dielectric Constant  and Loss Tangent as a Function of Frequency for Water and Ethylene  Glycol [76] 

Water 

T(OC) f ( H z )  1 X105 1 X106 1 XIO’ 1 XIO’ 3 X108 3 X109 1 XIO” 2.5 ~ 1 0 ~ ’  
1.5 cr 87.0  87.0  87  87  86.5  80.5  38 15 

tan S 0.1900 0.0190  0.0020  0.0070  0.0320  0.3100  1.0300 
5 

0.4250 
e, 
tan 6 - 0.0220 - - 0.0273  0.2750  0.9500  0.3950 

15 c r  - 81.7 - - 81 .O 78.8  49 25 
tan S - 0.0310 - - 0.0210  0.2050  0.7000 

25 
0.3300 

cr 78.2  78.2  78.2  78  77.5  76.7 55 34 
tan 6 0.4000  0.0400  0.0046  0.0050  0.0160  0.1570  0.5400 

35 
0.2650 

f r  
tan S - 0.0485 - - 0.0125  0.1270  0.4400  0.21  50 

45 c r  - 71.5 - - 71 .O 70.7  59  46 
tan 6 - 0.0590 - - 0.0105  0.1060  0.4000 

55 
0.2750 

E, 
tan S - 0.0720 - - 0.0092  0.0890  0.3600 

65 
0.2450 

E, 
tan 6 - 0.0865 - - 0.0084  0.0765  0.3200 

75 
0.1  250 

cr 
tan 6 - 0.1030 - - 0.0077  0.0660  0.2800 

85 
0.1050 

c r  58  58  58  58  57  56.5  54 
tan S 1.2400  0.1240  0.0125  0.0030  0.0073  0.0547  0.2600 

tan S - 0.1430 - - 0.0070  0.0470 

- 85.5 - - 85.2  80.2  41  17.5 

- 74.8 - - 74.0  74.0  58  41 

- 68.2 - - 68  67.5  60  49 

- 64.8 - - 64.5  64.0  59  50.5 

- 61.5 - - 61  60.5  57 51.5 

95 fr - 55 - - 52  52 

Ethylene Glycol 

T(OC) f (Hz) 1 x IO4 1 x IO5 1 x IO6 1 X IO’ 1 X IO’ 3 x IO’ 3 x IO9 1 x 10’’ 
25 c r  42  41  41  41  41  39 12 7 

tan 6 3.oooO 0.3000  0.0300  0.0080  0.0450  0.1600  1.oooO  0.7800 

mixtures  will be discussed in  the next  section.  However, 
achievement  of these long  dielectric  relaxation times has 
uncovered  a  new  phenomenon  operative  for  long  charging 
times at high  voltage-charge  injection. Space-charge effects 
have  important  implications  for  pulsed  power  applications 
and are extensively  developed in Sections IV-VI. 

Ill. PHYSICAL AND CHEMICAL PROPERTIES OF WATER AND 

WATER/ETHYLENE GLYCOL MIXTURES 

A. Dielectric  Constant 

The  relative  dielectric  constant  of  a substance t, is gener- 
ally  a  complex  quantity  which  accounts  for  frequency  de- 
pendence.  Under a simple  Debye  formulation,  this  depen- 
dence has the  form [75] 

E, = E, + €5 - (m 

1 + jWT0  

where t, is the  dielectric  constant at infinite  frequency 
(often  taken  to be the square root  of  the  index  of  refraction 
for  visible  light)  and t, i s  the static  dielectric  constant at 
zero  frequency. For polar  liquids E, << E, and can often be 
neglected. T ,  is termed  the  Debye  relaxation  time  and is  
the measure of  the  time  required  for  the  molecular  dipoles 
to  reorient in  a changing  field.  The  ratio  of  the  imaginary 
part  of c, to  the real  part is termed  the loss tangent.  It is 
apparent  that  for W T ~  -=z 1, E, = t,. 

Table 4  lists  reported  dielectric constants and loss tan- 
gents  of  water  and  ethylene  glycol as functions  of  frequency 
and  temperature. The table  shows  that  the  high cr values 
are operative  to  time scales of 1 ns.  The loss tangent values 
at l ow  frequencies are suspected to be  due  to  ohmic 
impurities  rather  than actual properties  of  the  pure  sub- 
stance  because  the  measurements  were  performed  before 
high-quality  water  purification systems were  available. 

1190 

The  Debye  relaxation  time  for  water is extremely small, 
being  of  order 10 ps at  25OC. T~ for  water/glycol  mixtures 
is larger  and  shows  exponential increase with decreasing 
temperature  due  to  increasing  viscosity.  However, T~ re- 
mains  below a nanosecond  and  hence is  not  of great 
concern  in  high-energy  pulse-power  applications [77]. 

A  useful  empirical  formula  for  the  temperature  depen- 
dence  of  the static  dielectric  constant  of  water is 

e,( T ’ )  = 78.54(1 - 4.579 X 10-3T’ + 1 . I7  X 10-5T’2 

-2.8 X I O - ~ T ’ ~ )  (3.2) 

where T’ = T - 25 is in degrees centigrade. Thus t, shows 
a moderate  temperature  dependence  ranging  from 88.1 at 
0°C  to 78.5  at  25OC and 70.1  at  5OOC. The decrease in ts 

with increasing  temperature results from  the increased ther- 
ma.1 agitation  of  the  molecular  dipoles. 

Akerlof [78] reported  the  dielectric  constant  of 
water/ethylene  glycol  mixtures at temperatures > 2OoC, as 
listed  in Table 5.  These results were  well  represented  by  the 
empirical  relationship 

t5( T, w )  = a(w)e-b(w)r (3.3) 

where  the  empirical constants a(w) and b(w) for  various 
values  of  the  ethylene  glycol  weight  fraction w are also 
listed  in  Table 5 and T is in  degrees centigrade.  More  recent 
work has shown  that (3.3) can be used for  temperatures 
approaching  the  freezing  points  of  the  liquid  mixtures, as 
shown  in Fig.  2. The data show  that  by  controlling  mixture 
ratio  or  temperature, any dielectric  constant  between 40 
and 88 may  be  achieved. Fig. 3  shows how  the  dielectric 
relaxation  time T can be greatly  increased  with  water/gly- 
col  mixtures at low temperatures. This means that PFL 
impedance  and  pulse  duration can  be adjusted  without 
changing PFL geometry. 

The  imaginary  part  of (3.1) is a frequency-dependent 
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Fig. 2. The  static dielectric  constant  of  glycol/water  mixtures  for  various  glycol  weight 
percentages w as a function of temperature.  The  dashed  lines are extrapolations  of 
Akerlof's [78] empirical  constants. Each  data point is the average  taken  for 15 frequencies 
between 0.5 and 108 MHz [77] .  

Fig. 3. 
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conductivity  which  ultimately  limits  the  output pulse rise B. Ohmic Conductivity 
time of a pulse  power system. As a  practical  matter, since 
T~ < 1 ns, most systems  are limited  by  other factors, such as Ohmic  conductivity is due  to  the  migration  of charge 
stray inductances  and  output  switch capabilities. As long as carriers with  mobil ity p i n  an electric  field. The number 
the PFL pulse  time is much  longer  than r-, the  dipole  density  and  mobility  of  ionic species in liquid solutions has 
realignment energy loss is not  important.  long  been  studied  by chemists, who for historical reasons 
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Table 5 Dielectric Constant  and  Temperature  Factors 
of  Ethylene Glycol/Water Mixtures [77],  [78] 

Dielectric 
Constant 

Glycol 
(wt %) 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

200 
80.37 
77.49 
74.60 
71.59 
68,40 
64.92 
61.08 
56.30 
50.64 
44.91 
38.66 

40 O 

73.1  2 
70.29 
67.52 
64.51 
61.56 
58.25 
54.53 
50.1 7 
45.45 
40.43 
34.94 

60 O 

66.62 
63.92 
61.20 
58.37 
55.48 
52.30 
48.75 
44.98 
40.72 
36.35 
31.58 

80 O 

60.58 
58.02 
55.36 
52.59 
49.81 
46.75 
43.68 
40.1  9 
36.36 
32.58 
28.45 

1000 
55.10 
- 
- 
- 
- 
- 
- 

39.13 
35.94 
32.52 
29.27 
25.61 

Temperature Factors 

Retabulations from [78] of empirical constants to allow direct 
insertion into (3.3). [Note: Denoting Akerlof’s  parameters  from  [78] 
of a and b as a, and b,, the values of a and b listed here to be 
used in (3.3) are related  to  Akerlof’s parameters as a = a,1020b*, 
b = bA In,lO = 2.3O26bA.] 

0 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

88.33 
85.37 
82.36 
79.29 
76.05 
72.41 
68.22 
62.94 
56.51 
49.95 
42.85 

0.004720 
0.004835 
0.004951 
0.005112 
0.005296 
0.005457 
0.005526 
0.005572 
0.005480 
0.005319 
0.0051  58 

denote  particle densities in  units  of moles  per liter for 
which there are Avogadro’s number  of particles (6.023 X 

per  liter (1 I = m3). Similarly, ionic  mobilities are 
expressed in terms  of  the  equivalent  conductance A 
(ohm-’ . cm2/mole),  which is the  conductance (reciprocal 
resistance) that 1 mole  of  ions in solution has when placed 
between  parallel  plate electrodes of arbitrary area but 1 cm 
apart. The ionic  mobility p of an ion is then  given  by 

pLi = A,/( Z , f )  [ cm2/V . s] = 10-4Ai/( Z , f )  [ m2/V s] 

(3.4) 

where F = 96488  C/mole is the Faraday constant  which is  
the  total charge in a mole  of electrons given  by  the  product 
of Avogadro’s number  and  the  electronic charge in  
coulombs  and Z, i s  the  number  of  electronic charges on 
the  ion.  Note  that  to be  consistent with units, it is often 
necessary to  switch  from  the chemists’ units  of moles and 
liters to  CGS or SI units. 

7 )  Water: The presence of ionic carriers in  water  solu- 
tions  can  be  considered as arising from  two sources: dis- 
solved  impurities  (eg,  sodium  chloride,  metal salts, dis- 
solved  carbon dioxide), and  the  dissociation  reaction 

HOH * H+ + OH-. (3.5) 

Table 6 contains a listing of mobilities  and  equivalent 
conductances  of  ionic species which  might  be expected to 
be present in water  solutions. 

[791-[821 

Table 6 Equivalent  Conductances  and Mobilities of Common Ions 
In Aqueous  Solutions  [83],[84] 

r(Oc) 0 0  180 250 500 
ION 
H +  A 

OH- 
P 
A 
P 

K +  A 

Na+ 
P 
A 
P 

(1 /2)Ca++ A 

CI - A 
P 

(1/2)50,- A 
P 

P 

240 314 350 465 [Q-’ . cm2/mole] 
24.9 37.5 36.3 48.2 m2/V . s] 

105 172 192 284 
10.9 17.8 19.9 29.4 
40.4 64.6 74.5 115 
4.19 6.69 7.72  11.92 

26.0 43.5 50.9  82 
2.69 4.51 5.27  8.50 

30.0 51.0 60.0  98.0 
3.11 5.28 6.22  10.2 

41.1 65.5 75.5  116 
4.26 6.79 7.82  12.0 

41 .O 68.0 79.0  125 
4.25 7.05 8.19  13.0 

To  gain  appreciation  for  the  purity  level  required for 
l iquid PFL applications, consider only Na’CI- impurity at 
room  temperature  and take  resistivity p = 10 MQ . cm (a  = 
IO-’mhos/cm).  Then 

0 carriers 
n =  = 4.8 X 101~- . (3.6) 

e(P+ + P-1 cm3 

Since 1 cm3 of  water  contains 6.023 X 1023/18 = 3.35 X 
water  molecules,  impurity levels of a few parts per billion 
may be required  for PFL dielectrics. Fortunately, such low 
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impurity  levels are readily  achievable  using  continuously 
flowing  mixed  bed  deionizing systems. Continuously  flow- 
ing systems are generally  required since ionic  impurities are 
continually  dissolving  into  the  water  from  the  container 
surfaces. 

Ionic carriers  arising from  the  dissociation  reaction  of 
(3.5) cannot be removed. For the very pure  water  solutions 
required  by  pulsed  power machines, the  contribution  to  the 
conductivity a,,, resulting  from  the  naturally  occurring  dis- 
sociation  reaction is crucially  important. 

For water,  the  dissociation  reaction  of (3.5)  is described 
by  the  equilibrium  ionization  constant K, where in  equi- 
librium  the  ion  concentrations  in  moles/liter are related as 

[H'] = [OH-] = dm-. (3.7) 

Table 7  lists values of -loglo K, for  various temperatures 
for  pure  water  with  the  resulting  particle  densities  in 
moles/liter and l /cubic meter  and charge  densities in 
coulombs/cubic  meter. 

2) Ethylene Glycol: The tabulated value of  ethylene 
glycol  conductivity is u = 3 X mhos/m at  25OC, giv- 
ing a dielectric  relaxation  time  of T = E/U = 11 ps, even 
worse  than  water [70], [77]  for  long  pulse  applications. 
Glycol  right  out of a bottle has a relaxation  time  of  order 30 
ps [70]. These low values of  relaxation  time  due to  high 
conductivity are not  consistent  with  the  reported  dissocia- 
tion  constant  in aqueous  solution, K = 6 X at  25OC 
[83], which  should  yield  ion charge densities  of 9 = F f i  X 
I O 3  = 7.5 C/m3. A representative  ion  would have mobility 
of  order 1 X I O - '  m2/(V . s), yielding a conductivity u = q p  
= 7.5 X I O - '  mhos/m,  with a dielectric  relaxation  time  of 

T = </a = 4.5 ms. This was significantly  higher  than mea- 
sured so that  it was felt  that  the  high  conductivity  of  glycol 
was  due to  impurity carriers.  Ethylene  glycol is  manufac- 
tured by oxidation  of  ethylene  and has acetic  acid as a 
major  impurity besides  water, which  could greatly  contrib- 
ute  to  increased  conductivity.  Conventional  water  deion- 
izers were  found  to  greatly increase the  water/glycol  mix- 
ture  resistivity to as much as = 10' D . m so that 
glycol/water  mixtures  were usable for long-time  transmis- 
sion  line  charging [70], [77]. 

C. Kerr Constant 

While z ,  T ,  and  electrical  breakdown  strength  describe 
the  expected  electrical  performance  of a dielectric  liquid 

for PFL use, the  importance  of  the Kerr constant B in 
diagnostic  applications is now developed. 

I )  Birefringence  (Double  Refraction): High-voltage- 
stressed water  and  water  mixtures are electrically  birefrin- 
gent  (doubly  refracting). Thus light  polarized  along  the 
applied local  electric  field travels at speed cI,, while  light 
polarized  perpendicular  to  the  local  electric  field travels at 
speed c, . For the Kerr effect,  the  difference  in these 
speeds is related as 

(3.8) 

where h is the free-space wavelength, co is the speed of 
light  in free space, n,, and nI are the  refractive  indices  for 
light  polarized  parallel  and  perpendicular  to  the  electric 
field, B is the Kerr constant,  and E is the  applied  electric 
field  magnitude [85]-[88]. The  phase shift  between  light 
electric field components  with  light  propagating transverse 
to  the  applied electric  field E in  the z direction  along a 
length L of  this  birefringent  medium is  

= 2 n  BE'dz 

= 2rBE'L (3.9) 

where  the last equality assumes the  electric  field is uniform 
along  the  light  propagation  path. The slight  correction  due 
to  edge  effects near the  electrode ends is negligible  for 
long  electrodes  compared  to  electrode spacing because the 
end  effect  fields  extend over a distance  of  order  equal  to 
the  electrode spacing, which is made  short  compared  to  the 
electrode  length [89]. The birefringent  medium  converts 
incident  linearly  polarized  light  to  elliptically  polarized  light, 
This  effect is very  similar to  photoelasticity  in  which  me- 
chanical stresses rather  than  electrical stresses cause the 
birefringence [%I. 

The  simplest  model assumes that  molecules are aniso- 
tropic  with a difference  in  polarizabilities  of ha along  two 
perpendicular  molecular axes. In  addition,  for  the  polar 
molecules  such as water, the  molecule also has a perma- 
nent  dipole  moment p at  an angle I) to  the  long  molecular 
axis. An  applied electric  field exerts a  torque  on  the  mole- 
cule so that  the  net  dipole  moment p ,  tries to align with 
the  field.  This  alignment is  opposed by thermal  motion so 

LL 

Table 7 Ionization Constant  and Ion Densities for  Water [83] 

[H'] = [OH-] = & [H'] = [OH-] 

T(OC) -log,oK, (moles/l) (m-3) qb = F J K W  X 103 c/m3 
0 14.9435 3.3748 X IO-' 2.0326 X IOl9 3.2563 
5 14.7338 4.2964 X IO-' 2.5877 X IO" 4.1455 

10 14.5346 5.4038 X IO-' 3.2547 X IO1' 5.2141 

20 14.1 669 8.2518 X IO-' 4.9701 X IOl9 7.9621 

25 13.9965 1.0040 X IO-' 6.0473 X IOl9 9.6878 

15 14.3463  6.7120 X IO-' 4.0426 X IOl9 6.4763 

24  14.oooO 1.oo00 x 1 0 - ~  6.023 x 1019  9.6488 

30  13.8330  1.2120 X -IO-' 7.2998 X IO1' 
35 

11.6943 
1 3.6801  1.4453 X IO-' 8.7049 X IOl9  13.9452 

40 13.5348 1.7084 X IO-' 1.0290 X IO2' 16.4845 
45 13.3960  2.0045 X 1.2073 X IO2' 19.3408 
50 13.261  7  2.3396 X 1.4092 X IO2' 22.5749 
55 13.1 369 2.7012 X 1.6269 X IO2' 26.0631 
60 13.01 71 3.1006 X 1.8675 X IO2'  29.91  75 
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that  the  probability  of  finding a dipole at  an angle 0 to  the 
field is  described  by  Boltzmann statistics 

As long as the  factor prE/kT -=K 1 is small, it is possible  to 
expand  the  Boltzmann factors to arrive at the Kerr constant 
B for  dipoles  of  number  density N as [85],  [87] 

B =  - [ A a +  N Aa $ ( I  - ~ s i n ' i ) ] .  3  (3.11) 

30kTX~,  

A  symmetric  molecule  with Aa = 0 exhibits no Kerr effect 
no  matter how large the  dipole  moment p. Typically, Aa > 
0, IC, = 0, and p2/kT X-- Aa so that  the Kerr constant B i s  
positive,  indicating  that  light  polarized  along an applied 
electric field travels slower  than  light  polarized  perpendicu- 
lar to  the  electric  field.  Large-permittivity  liquids  usually 
have  large Kerr constants because polar  molecules have 
large Aa and large p. Some molecules,  particularly  alcohols 
as in  the case of  ethylene  glycol, have a negative Kerr 
constant,  even with Aa > 0 because x is near a/2 [85]. 

2) Measurement Methods: For the  circular  polariscope 
configuration  shown  in Fig. 4, with an analyzing  polarizer 
placed  after  the  high-voltage-stressed  dielectric  either 
crossed or  aligned  to  the  incident  polarization,  the trans- 
mitted  light  intensity is 

Crossed Polarizers (CP) 

' 0  2 (3.12) 
Aligned Polarizers (AP) 

where 

1 
E, = - 

m i '  
(3.13) 

Thus the  patterns  for crossed and  aligned  polarizers are 
the  inverse  of each other;  the  maxima  for  one are the 
minima  for  the other,  and vice versa. Field-magnitude- 
dependent  minima,  called  isochromatic lines, and  maxima 
occur  when 

E i odd minima AP 
maxima CP 
minima CP 
maxima AP 

- =J;; 
Ern 

. (3.14) 
n even 

E, i s  thus  the  field  magnitude  for  the  first  maxima  with 
crossed  polarizers  and  first  minima  with  aligned  polarizers. 
Also  shown  in Fig. 4 are the  water  purification,  cooling,  and 
circulation system, high-voltage system, triggering  electron- 

L A S E R  

GENERATOR 
< TRIGGER 

@ 

Hlqh r o l l q e  
pulse w t h  

h p h t  pulse  
GENERATOR 0 

P U L S E  
GENERATOR 

HIGH VOLTAGE DC HIGH 
GENERATOR  VOLTAGE 

SUPPLY j P U L S E  0 
I K  1 

SHUTTER  VACUUM/  
D R I V E  PRESSURE 

P U M P  

n 

WATER  HOLDING 
T A N K  

DEAERATION  CIRCULATING 
C O L U M N   P U M P  

Fig. 4. Schematic of Kerr electrooptic experiments  showing  water purification, cooling, 
and circulation system;  optics,  high-voltage  supplies,  triggering  electronics,  and  recording 
systems. 
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ics, and  recording system  necessary for Kerr electrooptic 
field  mapping measurements in  water. 

3) Kerr Constant of Water: The temperature  depen- 
dence  of B i n  (3.11) i s  of  the  form 

A1 A, 
B ( T )  = - + - 

T T 2  
(3.15) 

Numerous  investigators have found best fit values of A,  
and A, over  a  temperature range  for a given  wavelength, 
but  measurements  typically  show a more  complex  relation- 
ship  than (3.15), indicating  temperature-dependent  polariz- 
abilities  and  dipole  moments [92]-[94]. The best fit  to  date 
at X = 633 nm  had 

A, = (1.73  0.08) X 102B2,, 

A,  = (4.3 _+ 0.2) X 10462, 

Bzg8 = 2.92 X m/V2 (3  .I  6) 

where B,,, is the Kerr constant at T = 298 K [92]. 

dence,  some  authors  extend (3.16) to  the  form [95] 
To account for the  more  complex  temperature  depen- 

BO = 255.46 
B298 

2.322 x io5 7.038 x 10’  7.087 X 10, 

T2 
- 

T 
+ - 

T3  
. (3.17) 

Table 8 lists  reported values of  the Kerr constant  in  water 
for  various free-space wavelengths [91]-[105]. The l / X  de- 
pendence of B in (3.17) approximately  holds over the  visi- 
ble range in Table 8 except  for [91],  [95],  [99], and [ lo l l ,  
which  report  higher values at 590 and 633 nm.  However, 
[95] shows  that,  due to uncertainties in their  and  other 
measurements,  “error bars” overlap so that  disagreement 
may  be  due  to  cumulative  uncertainty  between  experi- 
ments. 

4) Ethylene Glycol/ Water Mixtures: Because ethylene 
glycol has a negative Kerr constant, glycol/water  mixtures 
have a smaller Kerr constant  than  pure  water.  Photographic 
measurements  were  much less accurate than  for  pure  water 
alone  because of  the decreased number  of dark  fringes. To 
increase  sensitivity, a narrow beam from a CW He-Ne laser 

Table 8 Reported  Values of the  Kerr  Constant of Water 
for Various  Free-Space  Light  Wavelengths A 

Reference A (nm) T ( O C )  ~ ( x 1 0 - l ~  m/v2) 
21 0 
300 - 
400 - 
600 
436  25 
442  30 
514.5  22.6 
546 25 
5 78 25 

590 6-30 
633  30 
633 20 
633  2.5 
633  20 
633 10 

- 

- 

sa9 20 

0.89 

4.33 
3.00 
4.1  3 
3.62 
4.1  7 
3.21 
3.02 
5.22 

3.4-3.6 
2.54 
2.96 

3.43-3.45 
2.92 

5.78 

2.8 

at 633-nm  wavelength was aimed down the  center  of a 
stainless  steel parallel electrode  geometry system with a 
1P21 photomultiplier  tube (PMT) as a detector [103], [104]. 
When a high-voltage pulse with  about 50-ps rise time was 
applied,  the PMT output  went  through a series of  maxima 
and  minima  related by the  integer n as given  by (3.14) and 
shown  in Fig. 5. Because the  measurements are made at 

Fig. 5. The output of the 1P21 photomultiplier tube goes 
through a  series of maxima  and  minima ( n  = 1 to 4) when a 
100-kV  negative  high-voltage  pulse is  applied,  here  shown 
for 77 percent water, 23 percent  ethylene  glycol by weight at 
2.7’C with crossed  polarizers.  Voltage  waveform 17 kV/cm, 
PMT waveform 100 mV/cm, 20 ps/cm. From this measure- 
ment, the Kerr  constant of the  mixture  at 633-nm wave- 
length is B = 2.2 X m/V2  with €,,, = 45.6 kV/cm. 

early  time, space charge does not have time  to  migrate  into 
the  dielectric  volume to distort  the  electric  field  distribu- 
tion  from its uniform value v / / .  

For various  ethylene  glycol/water mixtures, the  applied 
field was increased  from 60 to 120 kV/cm  in  5-kV/cm steps 
using  aligned  and crossed polarizers. The large number  of 
maxima  and  minima  described  by  integers  were each re- 
lated to E, using (3.14) and  then t? was calculated  using 
(3.13). Table 9 lists E, and B and  their  standard  deviations u 
for  all  measured  concentrations  and  temperatures. Because 
the  temperature range was from -2.1 to +20.0°C, Table 9 
also  lists B values normalized  to  temperature B(T/T,)’ 
using T, = 273 K as a reference  and  plotted  in Fig. 6. Note 

GlyC010n40-112 
Water%O 20 40 60 80 100 

Fig. 6. Kerr  constant at A = 633 nm  of ethylene 
glycol/water  mixtures as a  function of mixture  ratio by 
weight. Note that water  has  a  positive  Kerr  constant while 
glycol has  a  negative  Kerr  constant. 
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Table 9 Calculated Values of  Electric  Field  Magnitude E, Necessary for  the  First Minima 
with Aligned Polarizers  or the First  Maxima with Crossed  Polarizers  and the  Resulting 
Values of the Kerr  Constant 6 for  Various Mixture Ratios  at  Various  Temperatures 

Ratio by Weight 4 T / T O ) 2  

H2O Glycol Temp E,’ a 6’a ( 1 0 ~ ~  m/V2) 
% wt % wt T(OC) (IO6 V/m) (IO-’’ m/V2) To = 273 K 

100 0 +10.3 4.06 f 0.07 + 27.8 i 1 .O +29.9 f 1.1 
90 10 
82 

+ 3.7 to + 4.1  4.20 + 0.06 + 26.0 + 0.7 
+3.3 to +4.3  4.44 + 0.07 +23.2 i 0.8 

t26.7 2 0.7 
+23.9 & 0.8 

63  37 - 0.7  5.05 f 0.07 + 18.0 + 0.5 
+22.4 i 0.6 

42  58 
+17.9 i 0.5 

40  60 
+11.3 + 0.3 t11.4 i 0.3 

+0.2 to +0.3 6.58 f 0.08 +10.6 i 0.2  +10.6 F 0.2 
34  66  -1.4 to -0.5  7.89 i 0.11 +7.4 i 0.2 
30 

+7.3 i 0.2 
70 +I .3 to + 1.7 9.44 i 0.1 5 +5.1 & 0.2 

27 73 -1.7 to +0.1 12.49 f 0.54 +3.0 f 0.3  +2.9 i 0.3 
f 5 . 2  + 0.2 

24  76 
21 

- 0.1  15.30 f 0.20 +2.0 i 0.1 
79 

+2.0 i. 0.1 
+0.7 to +1.4 > 28 

l a  a2 
15 85 

-2.1 to -0.3  20.0 
-0.1 to +1.2 12.35 to12.48 

9  91 -5.5 i 0.1  -5.5 i 0.1 
- 2.9 to - 3.0 - 2.9 to - 3.0 

-0.5 to +1.1 9.14 f 0.11 
4  96 
4 

-1 .I to + 1.7 7.77 f 0.1 9 
96 

-7.6 + 0.4  -7.6 i 0.4 
+9.8 to +10.5  8.36 i 0.23 -6.6 i 0.4 

4 96 + 19.4 to 20.0  8.79 i 0.08 
-7.1 0.4 

0 
- 5.9 i 0.1 -6.8 + 0.1 

l a  
77 23 + 2.5 to + 2.8  4.56 + 0.06 + 22.0 I 0.6 

+o.a to +0.9  6.37 + 0.10 

< 10.61 < 10.61 
1.2 = 1.2 

100  +10.5 to +11.7  7.40 f 0.20 -8.4 f 0.5 -9.1 i 0.5 

that  the  Kerr  constant is about zero with a mixture 79 
percent  glycol, 21 percent  water by weight. 

D. Other Physical  Properties and Engineering 
Considerations 

Large pulsed  power  machines may  be expected  to  con- 
tain  thousands  of  liters  of  liquid  in  the PFL system.  Table 10 
contains a listing  of  fundamental physical properties  re- 
quired  for  engineering  design  of  such systems. Maximum 
freezing  point  depression  of -51OC occurs  for a 40 per- 
cent/60  percent  water/glycol  mixture. 

A recommended  design is sketched  in Fig. 7. As shown, 
the  de-aeration system is in parallel with  the  main  cooling 
and  deionizing  loop. The viscosity increase with  liquid 
cooling  and  the  inhibited  solubility  of gases  at high  temper- 
ature  indicate  that  de-aeration  should  be  accomplished 
before  the  liquid is cooled  to  operating  temperature.  It is 
important  to  remove  not  only  the  dissolved gases in the 
liquid  volume,  but also as much  of  the gas that is adsorbed 
on  the  electrode  and  container surfaces as possible. Thus 
de-aeration  should be continued several exchange times 
after  the  frothiness in the  de-aeration  column has subsided. 
Our practice is to  continue  de-aeration  during  initial  cool- 

Fig. 7. Liquid 

TO 

MAIN LOOP DEAERATION LOOP 

conditioning system for  pulse-forming  lines (PFLs). 
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Table 10 Physical  Properties of Water/Glycol Mixtures 
~ ~ ~~ 

Volumetric 
Density  Freezing Heat Refractive 

Water/Clycol ( T  = 20°C) Point Capacity Index 
(% by weight) (g/cm3) ("C) (J/cm3 "C) (no)  
100/0  0.9982 0 4.1 8  1.3334 
80/20 1.0241 - 7.9 3.91 1.3523 
60/40 1.051 4 - 23.8 3.46 1.3278 
40 /60 1.0765 - 51.2 3.10  1.3981 
0/100 1.1088 -11.5 2.65 1.4318 

ing  to 5 or IOOC,  at which  time  we seal off  the  de-aeration 

Cooling a cubic meter of  water/glycol  by 5OoC requires 
removing  over 100 MJ of  thermal energy and  hence is a 
time-consuming  effort.  Once  cooling is achieved, the  re- 
frigeration  system is required only to maintain  temperature 
and  with  careful system insulation can be  put  into a duty 
cycle  mode, or  even  better, bypassed with a smaller unit 
(less metal  surface in contact  with  the  liquid).  The  higher 
viscosity as i t  cools  should  be  taken  into  account  when 
sizing  pipes  and  pumps since the  flow rate will  be  consider- 
ably  reduced  when  low  operating  temperature is achieved. 
I t  is  this f low rate which  determines  the exchange time, 
which  in  turn determines  the  ultimate  purity. 

Polycarbonate (Lexan) and  polysulfone are reported as 
best  dielectric/structural  materials  in  water as they absorb 
very  little  water  and have a high  dielectric  strength. Nylon 
and Delrin were  not  suitable because of  structural  degrada- 
tion  and  water  absorption [106]. 

Solutions  of  water  and salts  are also often used as resis- 
tive  loads  for  testing or for  voltage  dividers  for voltages  over 
100 k v  as they are of  low cost  and can absorb  large 
amounts  of  energy  without damage [107]-[log]. 

loop. 

IV.  HIGH-VOLTAGE PROPERTIES OF WATER A N D  

WATER/ETHYLENE  GLYCOL MIXTURES 

A. Electrical  Breakdown in Water 

Electrical  breakdown is  to be avoided in energy storage 
regions  but is promoted  where  and  when energy is to  be 
switched [44]. In  simple  overvolted gaps, both  oil  and  water 
can  be  used to  produce  fast-rising pulses with jitters in 
voltage  breakdown of 3-4 percent, switching at  400 kV/cm 
in  o i l  and 300 kV/cm in  water  for  microsecond  pulse 
charge times [107], whereas stresses in energy storage sec- 
tions are typically  half these values. 

The  physical  mechanisms  of  electrical  breakdown in  
liquids are not  completely  understood.  It is generally 
thought  that  for  short  submicrosecond  time scales, break- 
down is due  to  ionization,  while  for  time scales greater 
than  10 ps, breakdown is in part due  to  the  thermal  effects 
causing  bubbles. Gas evolution  due  to  electrolysis may also 
be  important  [IIO], [ I l l ] .  Other  proposed  mechanisms of 
electrical  breakdown  in  water  concern  the  ionization  and 
migration  of  water  molecules [112]. 

Electrical  breakdown seems to proceed  through  three 
processes.  There is first a statistical  probability  governing 
the  initiation  of  the  breakdown process, followed  by  the 
propagation  of a streamer, and  then a resistive-inductive 
circuit response as the  current  builds  up in the  newly 

formed  ionization  channel. This entire process often occurs 
in less than a microsecond,  which  allows a faster rising 
pulse to reach  high voltage, which is used  advantageously 
in  "fast pulse," high-voltage systems. 

In a needle-plane  geometry,  there i s  a strong  polarity 
effect. A positive  needle breaks down at a lower  voltage 
than  a  negative  needle. A shock wave forms  around  the 
needle  and  propagates away at sound  velocity, = 1.5 X I O 5  
cm/s [110]-[113], in part  causing  weak light  emission 

Increasing  the  conductivity  of  water by adding salts did 
not greatly decrease the  breakdown  strength  of  water  and 
in some cases actually  increased the  strength. There seems 
to  be  thus  no  direct  relation  between  the  voltage-current 
characteristics  and  the  electric  breakdown  strength  [log], 
[ I  171. 

7 )  Empirical Relations: J. C. Martin  and his Aldermaston 
group  performed  a large number  of  dielectric  breakdown 
measurements  for various liquids  including  deionized  water 
as a function  of  electrode area A (cm2)  and  effective stress 
time t, (in ps), where te i s  the  time  from 63 percent V,,, to 
V,,, for a voltage  pulse v ( t )  = Vma,(l - cos u t )  [107].  For 
submicrosecond  time scales, they  found  the  breakdown 
strength Eb (MV/cm)  to be polarity  dependent  for  water 

[114]-[116]. 

(0.5  transformer  oil,  methyl 
alcohol,  ethyl  alcohol 

0.7 glycerine, Castor oil 
E b e  tl/%l/10 = { 0.3 water,  positive  electrode (4.1) 

breakdown 

\ breakdown. 

With  parallel-plate electrodes, breakdowns in  water  usu- 
ally  originate  from  the  positive  electrode because of  the 
lower  breakdown  strength  in (4.1). For differently shaped 
electrodes in  a  pair, such as for  coaxial  cylindrical  elec- 
trodes,  the sharper electrode is usually  negative  to  allow 
higher  voltage  operation. These results are normally  inde- 
pendent  of  the  smoothness  of  the  electrodes as long as 
gross roughness is avoided. There is also little  effect of 
impurities  on  the  pulse  breakdown  strength. For a  nonuni- 
form  electric  field  geometry  with  mildly  diverging  fields, 
the  breakdown  field E, in (4.1) is the  maximum  field on the 
electrode,  using  the area of  the  electrode  which is stressed 
to  above 90 percent  of Eb. 

These early  empirical results  have been  repeatedly  con- 
firmed  within  experimental  uncertainties  by  other  investiga- 
tors [118]-[121], [174]. Further work  on  short pulses 7-30 ns 
using  aluminum  electrodes  found  the  breakdown  strength 
to  vary  over the range 0.6-1 .I MV/cm,  which  were  up  to 80 
percent  higher  than  given  by  the  long-pulse  formula  of (4.1) 
[119].  They fit  their data to  the  empirical  formula 

0.6 water, negative  electrode 

E t0.3aO.w-0.65 = 0 3 
b e  (4.2) 

where d is the  electrode spacing in centimeters. 
The  relation  of (4.1)  was confirmed  in  other  laboratories 

as a good gross measure of  breakdown in the 2-10-ps range 
with  breakdown  strength 0.2-0.5 MV/cm  but  with large 
shot-to-shot  variability [120],  [121].  Because of  this  wide 
statistical  variation, a large number  of tests were  required. 
Their  work  showed  that  bead  blasted steel,  brass, and 
copper  electrodes  had  similar  breakdown strengths, as given 
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by (4.1), but  that  aluminum  electrodes have a  25-percent 
lower  breakdown strength. 

2) Water  Switches: Switch  closure occurs when  break- 
down streamers bridge  the  switch  electrode gap. A large 
current  pulse  then passes through these low-resistance 
paths.  The  switch loss is determined  by  the  number  of 
streamers and resistance per streamer [122]-[124]. 

Untriggered  water  dielectric  switching  due  to gap over- 
voltage has been used on  Ripple  and  Proto II at  Sandia 
National  Laboratories,  Pithon at Physics International Co., 
Blackjacks Ill and  IV at Maxwell Laboratories,  Gambles I 
and II at the  Naval Research Laboratories, and  “It” at  AWRE, 
Aldermaston,  England [125].  These switches  usually transfer 
energy  between  two lines,  such as between an inter- 
mediate  water  capacitor energy  store and  the  water  dielec- 
tric PFL. Limitations  of these switches are due to  arc resis- 
tance  and  inductance [126]-[128]. These switches are im- 
portant  because  terawatt  pulse  machines can be  limited  by 
the  switches at the  input  and  output  of  the PFL [122]. 

Rapid charging in 30-300 ns reduces jitter  in  breakdown 
times  to an acceptable  fraction  of  pulsewidth,  which  allows 
many  lines to be fired  in parallel [20]. It is thought  that  jitter 
can be further  reduced  by  initiating  high-voltage  break- 
down  wi th a laser pulse [129]-[I311 with beam  splitting 
used to closely  time  the  triggering  of  multiple gaps. 

3) Streamer  Propagation: For point- or edge-plane  elec- 
trodes,  the  mean streamer  velocities  were  measured in  
transformer  oil,  carbon  tetrachloride,  and  glycerine  for  volt- 
ages 100  kV-1 M V  [107]. The mean  velocity U (cm/ps) 
defined as the streamer distance d (cm) moved in  a time  t 
(ps) varied wi th voltage  (MV) as 

where  the  parameters k and n were  polarity-dependent, 
For a positive streamer in transformer  oil, k,  = 90 and 
n+ = 1.75, while for a  negative streamer, k-  = 31 and n- = 
1.28. 

Water  had a different  relationship over the 100 kV-1 M V  
range,  also polarity-dependent  [I071 

Ut’/2 = 8.8V0.6 negative streamer 

= 16V1.’  positive  streamer.  (4.4) 

For voltages  from 1 to 5 MV, both polarities in  oil  and 
water  obeyed  the  relation 

Streamer transit-time  measurements  on Casino water 
switches  agreed  with (4.5) with k = 12 for 12- to 22-cm 
gaps and 2.5-4.2-MV peak voltages [122]. 

The  switch is closed  when  the  supersonic  tree-like 
streamers bridge  the gap, allowing a current  pulse  to pass 
along  the  low-resistance  breakdown  paths. The switch 
ohmic loss is governed  by  the  number  of streamer paths 
that  completely  bridge  the gap, by  the resistance of  each 
streamer, and  by  the  net  inductance  of  the streamer net- 
work [? 221, [I 241, [ I  321. 

4) Electrode  Area Effects: Work at Sandia National 
Laboratories has investigated  the area dependence  of 
breakdown  over  more  than  two orders of  magnitude  for 
both water  and  water/ethylene  glycol  mixtures [133]-[135]. 
The  first  efforts  concentrated on pure,  deionized  and 
de-aerated  water at about 1OC. The resistivity was main- 

tained near 80 MO . cm with a dielectric constant near 90. 
Consequently,  the  intrinsic  dielectric  time constant  for the 
water was near 640 ps. The  high-voltage Marx generator 
was capable  of  producing an electrical  pulse with a rise 
time  of  about 1 ps and  of a controlled  duration such that a 
12-15-percent  drop  in  field  would  occur  in 100 ps. The 
largest  electrode set studied  had an area of IOOOO cm2 and 
was formed of two coaxial cylinders of 316 stainless steel 
wi th  an  interior  diameter  of 32 cm and an outside  diameter 
of 34 cm,  nearly 1 m  long. Three smaller electrode pairs 
were  planar discs with a I - c m  gap spacing  and  diameters of 
50.4, 22.6, and 10.1 cm, yielding areas of 2000,  400, and 80 
cm2,  respectively. The 2000-cm2 electrodes  were made from 
316 stainless  steel while  the 400- and 8 0 - c d  electrodes 
were 304 stainless  steel. A  total  of 25625 pulses were 
measured: 4141  at 80 cm2, 9096  at  400  cm’,  4818  at  2000 cm2, 
and 7570  at 10000 cm2. 

The  experimental  procedure  to measure the  probability 
of  breakdown was to  fire a burst  of shots at a 0.25-Hz 
repetition rate  for each electric  field value  starting at or 
below 100 kV/cm.  It was found  that  varying  the  number of 
shots in  a burst  between  eight  and  twenty  did  not vary the 
statistics.  The  electric  field was then  incrementally  in- 
creased  until  a  breakdown  occurred. The electric  field was 
also  incrementally decreased from a region  of  100-percent 
breakdown  probability  to a no breakdown  region. All pulses 
after  ten  nonbreakdowns at a low starting  field  were de- 
fined as “conditioned” data. All other pulses were regarded 
as “unconditioned.” This effect  of  differing  probability  of 
breakdown  for  conditioned versus unconditioned data was 
termed hysteresis. It is much  more  prevalent  for 80- and 
400-cm2  data. For the larger two samples, the  lower  and 
upper  electric  field  limits  of  the hysteresis loop come  to- 
gether to  the  extent  that  the presence of  the  effect was 
more  difficult  to observe. 

Unlike  other  studies  which  report I O -  or 50-percent 
breakdown values as the  electric  strength,  this  study used a 
rep-rated  Marx generator to measure the  I-percent  prob- 
ability  breakdown  field. The I-percent  field  for  the  condi- 
tioned  data set of 400, 2000, and  10000 cm2 was  100, 80, 
and 75 kV/cm,  respectively. The conditioned and  uncondi- 
tioned  data  can  be  represented  by  the  empirical  equations 

€(I%) = (112 25)A-(0.08*0.03)  kV/cm  [unconditioned] 

€(I%) = (172 51) A-(0.09i0.03) kV/cm  [conditioned] 

(4.6) 
where  €(I%) is the  I-percent  probability  of  breakdown 
electric field level  and A is the area in square centimeters 
[133]-[135].  The power  law area dependences  in (4.6) is 
consistent with  the  reported area dependence in (4.1). 
Similar  breakdown statistics  for ethylene  glycol/water  mix- 
tures are discussed in Section IV-B. 

5) Electrode Surface Effects: Other  work has shown  only 
a weak  dependence  of  electrical  breakdown on surface 
microinhomogeneities  on  electrode surfaces [136]. Their 
procedure was to prepare a pair  of 304 stainless steel or 
copper  electrodes  either  highly  polished or bead-blasted. 
Then, as a control,  breakdown tests were  run  with  the 
results  agreeing well with (4.1). Then  the  electrode surfaces 
were  retreated  and  then  ion-bombarded  from an argon 
discharge.  Electrical  breakdown tests were then  done again 
using these plasma-conditioned  electrodes,  where  only a 
slight decrease in strength was found. 
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An  interesting  effect  on  the  location  of  breakdown sparks 
was noted  when  the results of bead-blasted versus highly 
polished 304 stainless steel electrodes were compared. A 
random pattern  of spark  craters was noted on  the bead- 
blasted surface which was consistent with other studies 
[120], [121]. However, on the polished  electrode surfaces, 
the spark craters were found to be tightly grouped. The 
polished surfaces also exhibited a poorer breakdown 
performance than  the bead-blasted surfaces. Microscopic 
examination of  the  polished surface revealed a large amount 
of twinning  in  the austenitic grains of the  metal-indicative 
of the damage caused by the spark.  Sharp bridges could 
also be observed in  the post-breakdowns surface, which 
could  explain  the  grouping of spark  craters and lower 
breakdown  performance. 
6) Pressure  Effects: The breakdown  strength of water 

increases significantly  with pressure [IIO], [137]. Breakdown 
stresses between coaxial electrodes of area = 2500 cm2 
were measured at up to 67 atm on  time scales of 0.5-12.5 
ps for  voltage  waveforms &(I - cos a t )  [137]. The highest 
breakdown strength was 608 kV/cm  for a 0.5-ps pulse at a 
pressure of 67 atm. At atmospheric pressure for a 0.5-ps 
pulse, the peak breakdown stress  was 413 kV/cm. The 
breakdown data for “conditioned” electrodes were fitted to 
the expression 

where the constant C increased with increasing pulse 
length. E i s  in megavolts/centimeter, stressed electrode 
area A is in  square centimeters, pressure p is in  atmo- 
spheres, and t, is the effective stress application  time in 
microseconds for which  the voltage is above 63 percent of 
the breakdown value, The constants in (4.7) appeared to 
depend on the nature  of  the electrode surface and  reflect 
the “conditioned” state. The breakdown  strength was found 
to increase with shot number towards an asymptotic value, 
with the increase thought to be related to changes in  the 
microsurface features of  the electrodes. Unconditioned 
electrodes had substantially lower  breakdown strength, 
more in accord with (4.1). 

7) Repetitive  Operation: Most present pulse power 
machines are designed  for single-pulse operation, but  for 
Practical fusion machines and for directed energy devices, it 
will be necessary to operate at a repetition rate of order 

A typical single-pulse machine operating a few times a 
day  is adequately  designed  for a IO5 pulse life. In contrast, a 
1-Hz device accumulates IO5 shots per day in continuous 
operation so that components  need to  be designed for 
108-109 shot lifetimes [138]. 

Repetitively stressed de-ionized water capacitors had the 
following  properties [139]-[141]: 

a) Under  uniform electric fields with positive  electrode 
breakdown, the  dielectric strength is essentially constant 
from 10 to loo0 Hz for pulse bursts of 100 pulses and is 
Slightly decreased from single-pulse breakdown. 

b) The mean value of  the electric field-effective time’/3 
Product is 

1 ~ - 1 o o 0  HZ. 

Eb f,1’3 
0.220 f 0.011 repetitive 
0.270 f 0.014 single pulse (4.8) 

where Eb is in  megavolts/centimeter and t, in microsec- 
onds. 

c) For extended pulse durations at 1 kHz,  the  breakdown 
strength is lowered  by 10 percent with IOOOO pulses per 
burst  and has no measurable effect with 1OOO pulses per 
burst. 

d)  Under  uniform  field conditions, the dielectric strength 
is insensitive to flow rate and resistivity of 5-15 MQ . cm at 
loo0 Hz and burst  durations up to loo0 pulses. 

e) These conclusions  show design advantages for pulsed 
power  equipment to operate in  the burst mode up to IOOOO 
pulses. 

Increasing the pulse repetition rate or pulse length, to 
larger than  the streamer propagation  time lowers the 
breakdown strength as impurities and electrode geometry 
and  finish  become important [3]. 

The PHERMEX M-2 pulser produces up to three 40-ns 
pulses, variable from 600 kV to 1.4 M V  with pulse sep- 
arations of 100 ns to 1 ms [142]. Here, an oil  line was too 
long,  while a water line had a length-to-width aspect ratio 
of 0.75 : 1, as well as a wave impedance which was too low. 
The line  length was so short that end effects were signifi- 
cant. As a consequence, ethylene glycol was chosen as 
the  line  dielectric because of i ts intermediate permittivity 
(, = 41. 

B. Breakdown  Testing  in  Water/Ethylene Glycol Mixtures 

The breakdown testing  technique used with pure water 
was to apply a  given voltage to electrodes a number  of 
times (> IO) and to define a breakdown probability as the 
number  of breakdowns divided  by the number of  tests 
[120], [121]. This technique was not possible for  glycol/water 
mixtures because of the tendency for bubbles produced by 
the  breakdown process to become attached to the  elec- 
trodes. Thus after each breakdown, it was  necessary to wait, 
usually overnight,  until  the bubbles dissolved. In the  pure 
water breakdown testing, the  threshold of breakdown with 
probability 0.1 was = 13 MV/m. Table 11 shows the in- 
crease in  breakdown strength for various glycol/water  mix- 

Table 11 Electrical Breakdown Strength 
of Clvcol/Water Mixtures 1771 

0 0 88 0.67  0.25 13 
40 25  67 0.20 0.10  16 

60  30  58 0.30  0.18  16 

80 25 49 1.40 0.45  21 
-10 60  23.00  1.00  17 

95  28  40  2.50  0.20’ 27 

-11 79  2.70 0.40 16 

-23  77  15.00  0.97  14 

66  16 
76  8 
93 36 
66  20 
67  65 
96 43 
77  77 

129  26 
~~~ 

*Limited by external impedance. 

tures [77]. The procedure was to apply to each mixture a 
field  strength  of 13 MV/m, which is the onset of break- 
down  of  pure water. This was done ten times. If no break- 
down occurred, the stress  was increased = 0.5 MV/m and 
ten tests were  performed again.  This procedure was re- 
peated at increasing stress levels until breakdown occurred. 
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f,,, was then  defined as the highest stress experienced 
without  breakdown for  the  ten tests.  Since E,,, depends 
on  the  duration  of  the applied stress, tecf is defined as the 
time  the  cell experiences more than 63 percent of E,,,. 
Other figures of  merit  in Table 11 are the stored energy 
density W,,, = ( I / ~ ) C ~ E ~ E ~ , ,  and the “action density,” A = 
Wmaxtef , ,  which emphasizes the need  for adequate hold-off 
times as well as breakdown strength for useful pulse- 
forming lines. All these figures of merit generally improve 
with increasing glycol concentration, but at the expense of 
decreasing permittivity. 

More  recent  work at  Sandia [I431 has focussed on 60 
percent  ethylene glycol/40 percent water (by  weight)  mix- 
tures. Using  the same  stainless  steel electrode sets of 80, 
400,  2000, and 10000 cm2 area described in Section IV-A4 
with 20000 shots for each area, the breakdown statistics 
were measured for the dielectric  mixture at -23OC, resistiv- 
ity of 2 x IO9 Sl e cm, yielding an intrinsic time constant of 
about 15 ms. A high-voltage  diode was placed between  the 
Marx generator  and the test cell to prevent the charge from 
bleeding  off  the test cell  to ground through the Marx, as 
shown  in Fig. 8, thus  extending  the pulse duration  time  to 
5-20 ms. The probability data again demonstrated the hys- 
teresis effect.  However,  conditioned data  are  of most use to 
the PFL designer and since the resistivity of the liquid 
would  often  drop dramatically after breakdown, the  auto- 
matic Marx triggering was stopped as soon as possible after 
a breakdown. The empirical  equation fitted  to the l-per- 
cent  breakdown  field shows the breakdown field  to sub- 
stantially decrease with increased area 

€(I%)  = (360 f 40)A-(0,20*005) kV/cm. (4.9) 

The area effect is much larger in the  glycol/water  mixture 
as compared to (4.6). 

For applications  which can  survive occasional breakdown 
events, the  long,  low-breakdown  probability tails at low 
voltage are not  of great significance. However, in systems 

HIGH VOLTAGE 

SPARK  GAP 
TRIGGER - - - - - I  ---- 

which  cannot tolerate any breakdown, these low break. 
down voltage tails dominate. The I-percent breakdown 
field also substantially decreases with increasing stress time. 
For example, a 400-cm2 sample in  chilled water had a 
breakdown strength decrease from 80 to 70 kV/cm w t  ..n 
the stress time was increased from 50 to 350 ks, Results 
with ethylene glycol/water  show a decrease to the 
50-kV/cm range for the  longer stress times. 

C. Open-  Circuit  High-  Voltage  Decay  Measurements 

During  the course of measurements with ethylene gly- 
col/water capacitors, it was found that at high electrical 
stress (> 5 MV/m), the open-circuit voltage on para: el- 
plate electrodes immersed in the liquid decayed more 
quickly  than  would be indicated  from low-voltage measure 
ments of  the dielectric relaxation time. More rapid decay at 
high fields in  itself is not too surprising, as one might 
expect carrier mobilities to show  field dependence. How- 
ever, it  soon became apparent that the simple ohmic pic- 
ture  could  not explain  the observed time dependence of 
the voltage decay waveforms at low temperatures, as they 
displayed a change in the sign of the second time deriva- 
tive. Further, it was discovered that the decay rate .vas 
dependent on the plate separation and applied voltage 
amplitude  unlike  ohmic  conduction, where the relaxation 
time T - c/o is independent of electrode geometry and 
voltage. These anomalous results were due to charge in- 
jected  into  the  liquid to increase i t s  effective conductivity 
from u to u + q p ,  where q is the  time- and space-depen- 
dent  injected charge density with  mobility p .  Then the 
representative charge transport time C 2 / ( p V , )  between 
electrodes of spacing C stressed by voltage V, affects the 
rate of voltage decay [144]-[148). 

I) High-Voltage  Impulse  Circuit: Various water/glycol 
mixtures were used as the  dielectric  between round paral- 
lel-plate bead-blasted stainless  steel electrodes of area 81 

Fig. 8. High-voltage  impulse  circuit.  When  the Marx generator  trigger is fired,  the  test  cell 
charges until the current i ( t )  goes  through  zero,  whereupon  the  diode stops conducting. 
Thereafter, the test  cell  and  Marx  generator  decay with their  respective  time  constants 
T~ = RwCw and 7 ,  = R,C,,,. 
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cm2 [149].  The electrode gap spacing varied  between 4 to 8 
mm. This liquid-filled  capacitor is part of  the  high-voltage 
impulse  circuit  shown  in Fig. 8. When  the  Marx spark gap 
switch fires,  the  diode  initially  conducts,  thereby  charging 
the  test  capacitor. The voltage v(t) across the test capacitor 
increases while  the Marx voltage v , ( t )  decreases until  the 
time t, = 19 ps when v(t,) = v,(t,) and  the  current i ( t )  is 
zero.  At  this  time  the  diode stops conducting since there- 
after v ( t )  i s  always  larger than v , ( t )  because the  Marx 
decay  time R,C, is less than  the test cell decay time 
R,Cw. Both  capacitors  then decay exponentially  with  their 
respective  time  constants. 

2) Anomalous  Nonexponential Decay: If  the test  cell is 
a lossy capacitor as modeled  in Fig. 8 and  describable  by 
capacitance Cw and resistance R,, or equivalently  by  per- 
mittivity < and  resistivity p = ?/a, then  after  the  diode 
opens at time t,, the  test  cell  voltage  for t > t, decays 
exponentially  with  time  constant T~ = RwCw = r p .  Repre- 
sentative  measurements  of  the  charging ( t  < t,) and  the 
initial decay ( t  > t , )  of  the  high-voltage  pulse are shown  in 
Fig. 9. Note  that  the Marx capacitor  voltage as shown by the 

Fig. 9. Voltage  waveforms.  Bottom  trace is  the  CuSO,  probe 
which monitors  the  Marx  voltage v , ( t )  and  gives  accurate 
measure of peak  voltage on the test cell. Note  the  action of 
blocking diode at f 19 ps. Top  trace is the  slower re- 
sponding  capacitive  probe  which  monitors  the  test cell 
voltage v ( t ) .  The divider  ratios are given in Fig. 8. Note  the 
different  zero volt levels  and  voltage  scales  for  each  divider. 

CuS04 resistive  divider decays much faster than  the test cell 
voltage  shown  by  the  capacitive  divider because R,C, << 
/?,C,, thus  keeping  the  diode reverse-biased. Fig. 10  shows 
traces at longer  time scales for  high  and low values of  v( t,). 
These traces are actually overlays of  ten separate tests to 
demonstrate  waveform  repeatability. The jagged  part  of the 
CuSOQ traces at long times is due  to  the  erratic  shutoff  time 
of the Marx trigger gaps.  These  tests used 80 percent  glycol 
by  weight at temperature  of 25OC. At  this  temperature, 
= 51c, and T, = 1.4 ms measured at a low voltage. In all 

tests, T~ i s  always X- t,. If the  dielectric  were  linear (field- 
independent values of E and p), a  plot of v(t)/v(t,) versus 
( t  - t,)/Tw would be  the same exponential decay for all 
values of v(t,).  Fig. 11 compares  the  observed decay and 
shows  that  the  initially  higher  voltage decays more  rapidly. 
The  situation  becomes  more  complex  when  the  tempera- 
ture  of  the  liquid is lowered  to = -lO°C, as shown  in Fig. 
12. At this  temperature  the  dielectric  constant is increased 
to  61c, and  the  intrinsic  time  constant T~ is increased 
fifteenfold  to = 25 ms. These waveforms  display an initial 
downward  curvature  (negative  second  derivative  with  time) 
in  contrast to  the usual exponential-like decay, which al- 
ways has upwards  curvature  (positive  second  derivative). 

(b) 
Fig. IO. Voltage  decay  at room temperature with 80 per- 
cent by weight glycol at  25OC, T~ = 1.4 ms,  gap  spacing = 5.1 
mm. (a) v(f,) = 99.3  kV.  (b) v(t,) = 64.7 kV. Note  that (b) 
requires = 370 ps to decay from 4 to 3 scale divisions, while 
(a)  requires only I. 270 ps to decay  through  same  voltage 
range. If the  enhanced decay  was  simply  due to field-depen- 
dent mobility, curve in (a) should  decay in same time as in 
(b) once it has dropped to corresponding  voltage. 

- Vl t l  

Vlt,l 

1.0 

0.6 

0.6 

0.4 

0.2 t 
0.0 r 0.0 0.2 0.4 0.6 0.8 

It - t8)/TW 

Fig. 11. Normalized  comparison of the  voltage  decay  of 
the oscillograph traces of Fig. 10 showing  the  faster  decay  at 
higher initial voltage. 

0 

This is due to net charge injected  from  one  electrode  into 
the  l iquid and then  under  the  action  of  the  field, trans- 
ported  to  the  other  electrode. 

D. Drift-Dominated  Conduction  Model 

1) Governing Equations: Because the  anomalous  voltage 
decay  characteristics are due  to  injected space charge, the 
simple  resistive-capacitive  equivalent  circuit  for  the test 
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Fig. 12. Voltage  decay  at low temperature. 80 percent  gly- 
col at -1OOC. T~ = 24 ms,  gap  spacing = 5.1 mm. (a) v(t,) 
= 55 kV. (b) v(t,) = 90 kV. Note change in sign of curvature 
of both traces  at  early time and  that  by t = 4.5 ms, both 
voltages  are about  the same despite  the  large  difference in 
initial voltage. 

capacitor in Fig. 8 is no  longer  valid. To model  this space- 
charge  injection case, we consider  parallel-plate  electrodes 
located at x = 0 and  x = 4 where  the  x = 0 electrode is 
assumed to  be a source of  positive  ions  with  constant 
mobility p,  as shown  in Fig. 13. The dielectric has constant 

CROSS SECTIONAL AREA S 

x = o f , '  
\ T - , i l t ) - +  ' UNIFORM SOURCE OF 

POSITIVE IONS 

Fig. 13. The lower electrode at x = 0 is  a  source of injected 
positive charge with mobility p in the lossy  dielectric  medium 
of permittivity L and  intrinsic  ohmic  conductivity u. The total 
terminal  current i ( t )  is  the  sum of volume  displacement, 
ohmic,  and injected charge migration  currents. 

permittivity E and  intrinsic  ohmic  conductivity u. Neglect- 
ing edge  effects,  the  electric  field  and conduction  current 
are x-directed,  and all quantities  depend  on  the  x  coordi- 
nate. The governing  equations are then [144]-[149]: 

Irrotational Electric  Field 

(4.10) 

Ca uss 's law 

(4.11) 

Conservation of Charge 

Conduction  Constitutive  Law 

j =  O F +  qPE. (4.13) 
Integrating (4.12) and  using (4.11) and (4.13) relates the 

conduction  current  and  displacement  current  to  )(t),  the 
total  terminal  current per unit  electrode area 5 

e- aE + a€ + </LE- a €  = 1( t )  

at ax (4.14) 

I t  i s  convenient  to  nondimensionalize  the  governing 
equations  by  normalizing all variables to the  electrode 
spacing t ' ,  the  initial  voltage V,, and  nominal  injected 
charge  transit time t '2/(pVo) 

i = x/e t = V / V ,  I=  EQV, q = 9e2/ev, 

Then (4.14) reduces to 

a i  i - a i  
a i  r aR - + ; + E- - J ( i ) .  (4.16) 

By taking  the  spatial  derivative  of (4.16), the  normalized 
charge  density q related from (4.11) to  the  electric  field as 

a i  
ti= -jj (4.17) 

obeys  the  differential  equation 

(4.18) 

The  terminal  voltage-current  relation is found by in- 
tegrating (4.16) between  electrodes and using (4.10) 

- + = + - [  i 2 ( R  = 1, i) - i2(i = 0, T ) ]  = i. (4.19) dt t 1 
6 i r 2  

2) Method of Characteristics: The partial  differential 
equations  of (4.16) and (4.18) can be  converted  to  ordinary 
differential  equations  by  jumping  into  the frame of refer- 
ence  of  the  moving charges 

w -  
- = E .  d? (4.20) 

In this frame,  the  electric  field  and charge density vary with 
time as 

where  the  right-hand sides are obtained  using (4.20) in 
(4.16) and (4.18). The charge density in (4.22) can be directly 
integrated 

where Qo(io) is the charge density  injected  into  the system 
from  the i = 0 electrode at time io. Thus the charge density 
is  known as a  function  of  time as i t  migrates, but  we  do  not 
know its position 2 until  we  integrate (4.20). We cannot 
integrate (4.20) until  we  know  from (4.21), which  requires 
knowledge  of J(i) which can be  found  from (4.19) if  we 
know  the  voltage  and  the  electric  fields at both electrodes. 
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In general, simultaneous solution of (4.19)-(4,2.1) requires a 
sumerical method. Fortunately, the open-circuited experi- 
Vental conditions  allow a simple approximation, which  will 
allow analytical solution. 

3) Charge  Injection: In the experimental high-voltage 
impulse circuit  of Fig. 8, the test capacitor is charged in less 
than 19 ps and decays thereafter in millisecond time scales. 
A representative charge-transport time t ,  is estimated  using 
representative values of V, = 103 kV, e= 5 mm, and p = 
2 X IO-'  m'/(v + s) 

t ,  = C2/pv0 = I ms. (4.24) 

Because the  charging time t5 19 ps is so much shorter 
than either the charge-transport time t , ,  or the dielectric 
elaxation time T,., we will assume that the test cell i s  
instantaneously charged to an initial voltage Vo at time t = 0 
and open-circuited for t > 0. 

The problem is not  completely  specified until we  define 
a relationship  between  the injected charge density and the 
eiectric field at the  injection boundary. In general, we 
expect that the  injected charge density increases with elec- 
trode electric  field.  Although numerical analysis  can treat 
any injection  law, we consider a very simple law  which 
allows analytic solution 

(I( X = 0 , t )  q0 AE( X = 0, t )  E AE, (4.25) 

or, in terms of  nondimensional variables 

q0 = >io A e A!/c. (4.26) 

A is an injection level parameter indicating  the constant 
instantaneous relationship  between qo and E, at the charge 
injecting surface ( X  0 0). 

Contact charging of microparticles [I501 and  electron 
tunneling field emission described by the Fowler-Nordheim 
equation [151]-[I531 in the high-field  limit have a charge 
injection law described by (4.26). The tunneling  for a bound 
state electron in  the dielectric into the anode results in hole 
injection similar to Fowler-Nordheim  electron injection 
PI 21. 

t - 1  'i,-rlnz=l.Jes 

4) Open-Circuit Decay: The solution  to (4.20) and (4.21) 
with I== 0 for  open-circuit  conditions breaks up  into re- 
gions separated by a single demarcation curve emanating 
from  the  origin, as shown in Fig. 1 4  for various values  of i 

(4.28) 

where To is the  time and Po is the  position where the 
trajectory  first begins. Note that 2, = 0 for r0 > 0 and that 
for io = 0, 0 Q 9, Q I .  

Because the  dielectric was initially uncharged at i- 0, all 
trajectories  emanating from the i =  0 boundary  from all 
positions Po where 0 Q Po Q 1 have oo(io = 0) = 0 so that 
this  region i s  everywhere uncharged. The electric field 
distribution is thus uniform  in space above the demarcation 
curve Id and is equal to the  electric field i d  along the 
demarcation trajectory as given in Fig. 14. The electric field 
distribution  below jid is linear with  position and the charge 
density i s  uniform. 

The open-circuit terminal voltage is found by using the 
normalized  form of (4.10) 

(4.30) 

1 .o 

REGION I 

- - -- 
x,=TI l -o- t /T]  

0.6 -- 
- 
X 

REGION I1 

-- (1 + m  
Elr.tl = 

--- x 
q l X , I l - -  

?In'+ I / ~ I & T - Z I  

rrla + 1I;i.TiT- x1 

q G =  0,7-,1- iEIi = 0,: -\I 
I I 
I 

0.0 0.5 1.0 1.6 2.0 2.6 3.0 3.6 4.0 - 
t 

%* 14. Charge-transport  trajectories for an initially charged but  open-circuited lossy 
%Witor where  the lower I = 0 electrode  injects  charge proportional to the  instantaneous 
local electric field. The  demarcation curves I, emanating from the origin shown for 
kar!OuS values o! dielectric relaxation  times ? separate  the initial value problem with 
% x ,  r = 0) = 0, E(  2 ,  t = 0) = 1 from the  subsequent charge-injection  problem. 
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X I  
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1 

Fig. 15. The open-circuit voltage decay versus time for various values of A' wlth i = 33 
(solid lines)  and i = 1 (dashed  lines). 

where id is the  time the demarcation trajectory ,?,, reaches 
the  noninjecting electrode at P = 1. The open-circuit volt- 
age for representative values of 2 and i is plotted  in Fig. 15.  

We  find  conditions where the second derivative of the 
voltage is negative by twice  differentiating (4.30) and 
evaluate at i- 0 to obtain 

(4.31) 

Thus if A i 2  > 1, the  initial curvature is negative. For i2 id, 
the second derivative  of  the voltage is always positive. The 
time i2 when  the second derivative of the voltage is zero 
occurs for 0 < i G id when the inequality of  (4.31) is 
obeyed. 

5 )  Comparison of Analysis to Experiment: 
a)  Bead-blasted  stainless  steel  electrodes: The theory 

i s  characterized by  two parameters: 2, the injection param- 
eter, and i ,  the charge relaxation and transport parameter. 
These are related to the physical quantities by (4.15) and 
(4.26) 

i = 7wvop/e2 

2 = A V c .  (4.32) 

Comparison of  the experimentally observed voltage wave- 
forms  with  the theoretical  equation of (4.30) will  yield 
values for the  mobility of  the  injected species and the 
injection constant. This is done by finding  the best fit 
values for the parameters 2 and i by computer minimiza- 
t ion of the sum of squares error (SSE) between the experi- 
mental data of n points at times t, and (4.30) 

The quality  of  fit is estimated by the standard deviation 
error (SDE) 

SDE = /x. (4.34) 
n - I  

O"CUS0, 

0" CAP 

(b) 
Fig. 16. Voltage  decay at different gap  spacings with same 
initial voltage of 5 68 kV with 80 percent  glycol at -lO°C, 
T,+ = 25 ms. (a) C- 5.1 mm. (b) C- 7.3 mm.  Note  approxi- 
mate factor of 2 difference of time scale of decays, indicat- 
ing i parameter  scaling with square of gap  spacing. 

Fig. 16 shows low-temperature  open-circuit voltage decay 
curves differing  only  in the gap spacing of  the electrodes. 
Note  the apparent difference in the time scale  of  the 
decays as the smaller gap  system  decays approximat&' 
twice as fast. Fig. 17 shows families of voltage decay curves 
differing  only  by  initial voltage. These and the  other expen. 
mental curves were hand-digitized ( n  = IO), and the leas! 
squares approach used to calculate optimum values of A 
and f for each curve. The results of this procedure are 
summarized in Table 12. SDE in  all cases is very small, Of 

order 0.05 oscillograph scale division, and it was found that 
computer generated curves based on the optimum value Of 
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(b) 
Fig. 17. Families of voltage  decay  curves  at different initial 
voltages but same  gap  spacing of e= 7.3  mm,  80  percent 
glycol at -lO°C, q,, = 25 ms. Oscilloscope scale for family 
(b) set at  250  rnV/div  for  best  resolution.  Above  the  highest 
voltage  shown,  dielectric  breakdown  occurs. 

Table 12 Summary of Experimental  Results  and  Best  Fit  Values 
of A ,  i, A ,  and 

~~ 

Initial  Initial ~ 

~ ~~ 

Voltage  Field A 
Figure  (kV) (MV/rn) 2 i (IO-* C/V . m2) (IO-’ m2/V I s) 

P 

10(a) 64.7 12.7 0.3  1.3 0.5  3.7 
(b) 99.3 19.4 4.5 1.2 38.  2.3 

12(a) 55.1 10.8 0.6  13.3 6.2 2.5 
(b) 90.4 17.7 0.7  29.2 7.1  3.4 

76(a) 68.0 13.3 0.9  18.1 8.9  2.8 
(b) 68.7 9.4 1.3 7.8 9.2  2.4 

17(al) 59.8 8.2 1.2 7.3 8.4  2.6 
(bl) 67.7 9.3 1.6 8.0 11.2  2.5 
(a2) 69.4 9.5 1.5  8.1 10.7 2.5 
(a3) 78.2 10.7 1.4  9.5 10.0  2.5 
(a4) 87.7 12.0 1.4  10.7 10.0  2.6 
(b2) 90.1 12.3 1.1 12.6 8.0 3 .O 
(as) 95.9 13.1 1.1 13.1 7.6 2.9 
(a6) 104.0 14.3 0.8 16.0 5.8  3.3 
(b3) 112.2 15.4 0.8  19.1 5.5 3.6 
(b4) 135.5 18.3 0.6 27.1 4.3  4.3 

2 and 7 would overlay  the  experimental  waveforms  to  the 
resolution  of  the  hand assessment (=  0.1 oscillograph scale 
division).  The  result  for  the  low-voltage,  high-temperature 
case  (Fig. IO) is not reliable since the curve only  deviated 
very  slightly  from  the  normal  dielectric decay so that  the 
hand assessment was not accurate enough  to  show space- 
charge  effects. It was evaluated  mainly to  determine  the 
sensitivity of  the  method. 

The most  striking  result is the  consistent value  of the 
mobility  of  the  injected species, confirming  the  scaling  of p 
with %/e2. Note that  the  value  of  mobility, p = 2.5 X IO-’ 
m2/V 9 s, agrees with  the  hydronium  ion value in Table 6 
near OOC. This ion has a uniquely  high  mobility  in  aqueous 
solution.  The  hydronium  mobility is 2.5 times  higher  than 
the  mobility  of its partner  hydroxyl  ion  (OH-)  and is 5-10 

times  higher  than  the  mobility  of  light  metal  ions  (e.g., 
Na+). The measured value of the  mobility  of  the  injected 
carrier  leads to the  conclusion  that  the  injected carrier i s  
the  hydronium  ion. 

The  results  for  the  injection parameter are  less conclu- 
sive.  The  numerics of  the least  squares approach are rela- 
tively  insensitive to changes in  the value  of 2. The physics 
of the  injection  mechanism are still  unsettled,  although  the 
mathematical  approach  developed here can handle any 
injection  law,  whether  obtained  from a physical  model  or 
from  measurements. 

6)  Passivated, electropolished stainless  steel  electrodes: 
The  results  presented in Figs. IO, 12,  16, and 17 were 
obtained  with  bead-blasted 304 stainless steel  electrodes. 
Continuing  work  compared  the space-charge effects on 
open-circuit  voltage decay measurements with passivated, 
electropolished stainless steel electrodes [154]. Electro- 
polishing was intended  to remove  minute sharp edges and 
further  flatten  the  electrode  contour. Passivation used a 
heated  solution (IIOOF) of  nitric  acid  and  potassium  dichro- 
mate  to  form a contiguous layer of  chromic  oxide across the 
surface  of  the steel preventing  contamination  of  the  liquid 
dielectric  by  metal  ions. It was expected  that  this process 
would reduce  the  amount of charge injection. 

As expected, i t  was found that  the  electropolished, pas- 
sivated  electrodes  injected  much less space charge, as evi- 
denced  by  the decrease in nonexponential shape of the 
open-circuit  voltage decay. 

The  action  density,  defined as the  product  of energy 
density  and  the  effective  time  that  the  voltage  remained 
above 0.63 of  the  maximum  voltage, was used as a figure  of 
merit. This  measure was used to emphasize  the  need  for 
adequate  holdoff times as well as breakdown  strength  for 
useful  pulse-forming  lines. The action  density was longest 
for  the passivated, electropolished stainless steel elec- 
trodes. A year after  the surface treatments,  the passivated 
electrodes  were  retested  and  the  original decrease in charge 
injection was  gone.  However,  following  reapplication  of 
the surface treatment, of electropolishing  and passivation, 
space-charge  injection was again inhibited. 

c) Mixed stainless  steel  electrodes: In  the  previous 
discussion,  both  electrodes  under test had  the same surface 
treatment.  Further tests examined  asymmetric arrangements 
as a  function  of  voltage  polarity  with  one  electrode  bead- 
blasted  and  the  other  electropolished  and passivated. When 
the  anode was electropolished  and passivated, the small 
amount  of  injected charge was approximately  the same a5 
when  both  were  electropolished  and passivated. When  the 
anode was bead-blasted,  the large amount of injected 
charge was approximately  the same as when  both  elec- 
trodes  were  bead-blasted. The conclusion was reaffirmed 
that  for stainless  steel  electrodes,  positive charge is  injected 
from  the  anode. 

d) Aluminum electrodes:  Bead-blasted 7075 alumin- 
um  alloy was found  to have a breakdown  strength = 20 
percent  lower  than  bead-blasted steel, brass, or copper. 
After  treatment in  a standard chromic  acid  anodizing  pro- 
cess, the  breakdown  strength was found  to increase to  the 
same level as the  other metals  and the  amount  of charge 
injection was found  to be  greatly  reduced.  Polarity  effects 
were  not  investigated  in  this  study.  Investigations  of  other 
alloys are ongoing. 
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e) Copper electrodes: Copper  electrodes  and  cuprous 
oxide (Cu,O) coated  copper  electrodes  were  tested at ap- 
proximately -2OoC, with 60 percent  ethylene  glycol/40 
percent  water  mixtures  with an intrinsic  time  constant  of 
= 15 ms. Cuprous  oxide was found  to  inhibit charge injec- 
t ion and had a larger action  density  than  uncoated  copper 
[754J. Unfortunately,  the  primary  impetus  for  using  cuprous 
oxide  coatings: to increase the  breakdown  strength by using 
a  semiconducting  coating  to  reduce  the  gradient  of  the 
electric  field across the  electrode-liquid  interface, was 
frustrated as the  experiments  demonstrated a lower  break- 
down strength  for  cuprous  oxide as compared  to  copper 
[155]. A breakdown  study at the  I-percent  probability  level 
for t w o  different  electrode areas revealed  a  I-percent 
breakdown  strength of 150  kV/cm  for 32-cm2 copper  elec- 
trodes  and 105 kV/cm  for 81-cm2 copper  electrode [155]. 

f) Conclusions: The coated  electrodes  were  found  to 
inhibit  charge  injection  and  allowed for a larger action 
density  than  uncoated  electrodes.  If charge of  one sign 
(positive  for stainless  steel and  copper) is  injected, as wi l l  
be  shown  in  Section V, the  electric  field  drops at the 
charge-injecting  electrode  and increases at the  non- 
charge-injecting  electrode. The maximum  field  thus  occurs 
at the  non-charge-injecting  electrode  and is consistent  with 
measurements  of a lower  breakdown  voltage  than  for  the 
charge-free case with a uniform electric  field. 

Repetitive tests with  bead-blasted stainless steel elec- 
trodes at a I - H z  rate  showed an increase in charge injection 
wi th  increasing  voltage but a decrease in charge injection 
wi th  increasing  shot  number  for a given  voltage as evi- 
denced  by  measuring  open-circuit  voltage decay times.  The 
effects  with  shot  number may be  due  to  chemical processes 
at the  electrodes (perhaps lowering  injection  constant A )  or 
due to  shielding  of  the  electrodes  by  the  injected charge so 
that successive  shots have a weaker  electrode  field,  lower- 
ing  the  amount  of  injected charge in  later shots [143]. 

v. KERR ELECTROOPTIC FIELD A N D  SPACE-CHARGE 
MAPPING MEASUREMENTS 

Because the  open-circuit  voltage decay measurements 
indicated  significant space-charge  effects, Kerr electrooptic 
field  mapping measurements  were  made to  verify  the  quan- 
tity, sign, and  dependences of the  injected charge [91], 
[ lo l l ,  [156]-[159]. Our measurements have shown a strong 
electrode  material  dependence  where  generally stainless 
steel  and  copper  inject  positive charge, although  under 
some  conditions  with  mixed  electrodes  they  injected nega- 
tive charge; aluminum  electrodes  only  inject  negative 
charge, while brass electrodes can inject  either  positive or 
negative  charge [160]-[163]. Because  brass is an alloy  of 
copper  and  zinc,  most  likely  the  positive charge injector is  
copper,  while  zinc  injects  negative charge, but  this  conclu- 
sion  remains to  be  confirmed. Thus by appropriate  choice 
of  electrode  material  combinations  and  voltage  polarity,  it 
i s  possible to  have  uncharged water, unipolar  charged  posi- 
tive  or  negative  water, or bipolar  homocharge  water. All 
measurements  shown  here used the apparatus in Fig. 4, 
were at low temperatures, 5-IOOC, with  high  water  resistiv- 
ity, 40-60 Ma e cm  to emphasize  space-charge  effects. 

In most of  the  following  photographs,  the  time is given at 
the  upper  right,  the  instantaneous  voltage at the  lower 
right,  and in  Figs.  18, 19, 22, and 24, the  initial  Marx 

generator output voltage  and  whether  aligned (AP) or 
crossed (CP) polarizers  were used, is given at the  lower  left. 
The  actual  peak  voltage across the water capacitor is about 
10  percent less than  the  Marx  peak  output  voltage because 
of  the series protective = 5-kB water  resistor shown  in Fig. 
4, which  limits  the  current  when  breakdown occurs. 

A. Uniform Electric Field 

In  the  absence  of space charge, the  electric  field is 
uniform v/!. Kerr effect  measurements, as in Fig. 18, then 
have  a  uniform  light  distribution  in  the central  interelec- 

Fig. 18. For no  space  charge, the electric field  distribution 
is uniform at v / / ,  where v is  the  instantaneous  voltage  and 
is  the electrode spacing, so that  the Kerr effect shows 
uniform  light transmission in the  interelectrode gap region. 
E,,, 35-36 kV/cm. 

trode gap with  no dark  lines. All electrode  material  combi- 
nations  have  no space charge at early time  after a high 
voltage  pulse i s  applied, as it takes about 500 ps for  the 
charge to migrate  a  significant  distance  from  the  electrodes. 

However,  even at long times, Fig. 18 shows no space 
charge with  the  negative  electrode  either stainless steel or 
copper  with  aluminum as the  positive  electrode. 

6. Unipolar Charge injection 

With net charge injection, Gauss's law  in  one  dimension 
shows  that  the  slope  of  the  electric  field  distribution i s  
proportional  to  the  net charge density q 

As shown  in Fig.  19, positive charge injection results in an 
electric  field  that  everywhere has a positive  slope while 
negative  charge has an electric field everywhere  with nega- 
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Fig. 19. The  slope of the  electric field distribution is the 
same  as the sign of the injected charge.  The electric field 
near the charge-injecting  electrode is decreased  because of 
the space-charge  shielding while the field is  increased  at  the 
non-charge-injecting electrode, keeping  the average field 
value  constant  at v/d. 

tive  slope. For unipolar  injection,  the  electric field is thus 
decreased at the  charge-injecting  electrode,  but is  in- 
creased at the  non-charge-injecting  electrode because the 
average electric  field  must always  be v/t. The strongest 
distortion  due  to  unipolar space charge occurs  for space- 
charge  limited  injection at one  electrode  where  the  in- 
jected  charge  density is infinite so that  the  electric  field at 
the  injecting  electrode is zero. The electric  field at the 
noninjecting  electrode is then 50 percent  higher  than  the 
average field  value [I 441-[I 481. 

I )  Positive Charge injection: Positive  charge i s  injected 
from  the  positive  electrode  from a pair  of stainless steel or 
copper  electrodes as in Fig.  19.  The  same is true i f  copper is 
the  positive  electrode  with stainless steel negative. How- 
ever, there i s  an  anomaly  when stainless  steel is  positive 
and.  copper is negative. From our  first  measurements,  we 
would expect  this  configuration  to also have positive  injec- 
tion  from  the stainless steel electrode,  but  in fact it is 
bipolar  homocharge, as shown  later in Figs. 22 and 24. 
There, the positive charge injection  from  the stainless steel 
anode gives clear fringes, while  the  negative charge injec- 
tion  from  the  copper  electrode  cathode causes electrohy- 
drodynamic  motions  that blur and smear the  fringes  to- 
gether. 

Injected charge  sometimes leads to this fluid  turbulence, 
which for  planar  electrodes  often persists only for a short 
time  interval  and  then disappears. For the coaxial stainless 

steel  cylindrical  electrodes  shown in Fig. 20, fluid  motions 
result in regular  convection  cells near the  positive  elec- 
trode,  whether  inner or outer  cylinder. These cells grow 
with  time  away  from  the  positive  electrode.  When  the 
polarity is reversed, these cells also reverse. 

The  positive space-charge injection  from a pair of paral- 
lel-plate stainless steel electrodes as a function  of  time is 
shown in Fig. 21(a) to not  exhibit any fluid  turbulence.  At 
early  times, t < 250 ps, the  interelectrode  light  intensity 
distribution is  uniform,  indicating a uniform electric  field. 
At t = 500 ps, a number  of dark  fringes appear near the 
positive  electrode. The light  distribution is uniform  in  front 
of  the  fringes with the  electric  field decreasing  back to the 
positive  electrode. A weak  field near the  positive  electrode 
and  stronger  field near the  negative  electrode  indicates a 
net  positive space-charge distribution near the  positive 
electrode  with  zero space charge in  the  uniform  field re- 
gion.  At  later  times,  the charge front moves towards  the 
negative  electrode. The electric field  distribution at the 
various  times in  Fig. 21(a) is plotted  in Fig.  21(b). 

Note  in Fig.  21(a) that  the  terminal  voltage  v  listed at the 
lower  right  of each  photograph decays with  time after i t  has 
reached  crest. In  the  time  interval 0 to 500 ps, the  nondi- 
mensional  electric  field at the R = 0 electrode (anode) 
drops  from 1.0 to = 0.4, while at the  opposite R = 1 
electrode  (cathode),  the  field rises from 1.0 to > 1.1. For 
later  times,_the  injected charge at R = 0 remains about 
constant at E = 0.5, while  the  electric field at R = 1 smoothly 
increases to  greater than 1.3. As a check,  for all times  the 
area under  the  nondimensional  electric  field curves must 
be  unity. The nondimensional charge density is propor- 
tional  to  the  slope  of  the electric  field  distribution: 

Near R - 0, this  slope is about  three.  Using  representative 
values of v =  100 kv, c = 8Oc, ,  and e= 1 cm, the  dimen- 
sional  charge density is then 

To  obtain a feel of the size of q in (5.3), we can compare 
this  net  charge  density  to  the  background charge density  of 
the  water  dissociation  products  of  hydronium (H') and 

Stainless Steel 
Coaxial CyEindilcel 

Electrodes 
Grossed Polarizers 

Charging Voltage 85 kV 

t - 1 5 2 m s . 6 7 5 k V  
T 1 5 2 " C  

1 & 7 7 7 & % 6 5 7 k V  
T = 6 Q b C  

p ' E4 Mn-cn 
Owm Electrode t Innet Eleclroda t 

p = 35 3MQ"crn 

Fig. 20. Kerr electrooptic measurements with crossed 
polarizer5 showing electrohydrodynamic  instability  emanat- 
ing from the positive  electrode  for  stainless  steel  coaxial 
cylindrical electrodes with  initial charging  voltage of 85 kV. 
E, = 37.3  kV/cm. 
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Fig. 21. (a)  Kerr effect measurements  using  stainless  steel  electrodes with aligned  and 
crossed  polarizers  at  various  times  after the start of a  high-voltage  pulse with  initial 
charging  voltage of 115 kV showing  positive charge injection. (b) The electric field 
distribution at  various  times  for  the  data in (a) showing field decrease  at the  positive 
injecting electrode  and field increase  at the noninjecting negative  electrode  at x = e. 

hydroxyl (OH-) ions in (3.5). At T =  IOOC, Table 7 lists a 
background charge density  of qb = 5.21 C/m3. Thus the 
measured  charge  density 9 'i: 2 C/m3 in (5.3) i s  a significant 
fraction  of  the  background charge. 

2) Negative Charge Injection: Fig. 1 9  also shows  nega- 
tive  charge  injection  from  the  negative  aluminum  electrode 
of  a pair of aluminum  electrodes,  and  from  the brass elec- 
trode  when it is negative  with  either a positive  copper  or 
aluminum  electrode. Again, we  have an anomaly  with  the 
copper  electrode because we earlier found  it  to be a posi- 
tive charge injector  and  thus expect a negative brass/posi- 
tive  copper  electrode  combination  to  inject  bipolar  homo- 
charge. 

C. Bipolar Homocharge Injection 

When  positive charge is injected  from  the  positive  elec- 
trode  and  negative charge injected  from  the  negative elec- 
trode, (5.1) shows  that  the  electric  field  distribution has 

0.25 

t 

< 5 O O p s  --- 
750pr X 
5 0 0 p s  0 

1.02 m s  0 

1 . 5 2 m s  A 
1.25ms 0 

1 . 7 5 ~ ~  8 

2.02 ms A 

- 

0 0- 
0.0 0.25 0.5 0.75 1.0 

X 19. 

(b) 

positive  slope near the  positive  electrode  and  negative 
slope near the  negative  electrode. Since the average electric 
field  remains  unchanged, Fig. 22 shows  that  the  electric 
field  must decrease at each electrode  rising  to  a  maximum 
value  greater  than  the average value somewhere  in  the 
center  of  the gap. The bipolar  homocharge Kerr effect 
patterns in Fig. 22 generally  show a symmetric set of  oval 
lines, as shown  for  various  times  in Fig. 23 using brass/ 
brass electrodes.  Here,  the  fields are weaker near the  elec- 
trodes,  increasing  to a maximum near the  center  with 
positive  charge near the  positive  electrode  and  negative 
charge near the  negative  electrode. Also shown  in Fig. 23 
are representative  voltage  and  current traces. Note  the 
nonexponential character of the  upper  current trace, due  to 
space-charge  effects, analogous to  the  nonexponential 
open-circuit  voltage decay curves in  Figs. 12,16, and 17. 

The case of stainless  steel/brass electrodes  exhibits  bi- 
polar  injection  for either  polarity.  When stainless steel or 
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x /c 
Fig. 22. With bipolar homocharge  injection,  the  electric field is  decreased  at both charge 
injecting electrodes, with the peak field in the  central gap region with average electric 
field v/e. 

copper  inject  negative charge, we have  an anomaly, as all 
past measurements  showed  both  to  only  inject  positive 
charge. 

The fluid  turbulence near the  positive  electrode  shown in 
Fig. 23 generally  but  not always occurs near either  or both 
electrodes  and seems to  be associated with charge injec- 
tion. 

D. Effects of Space-Charge Injection 

1)  Electrohydrodynarnic Effects: The Coulombic  force 
on net space charge in the  fluid gives rise to  fluid  motions 
causing  convection  currents  in  addition  to  conduction  cur- 
rents.  The  viscous  diffusion  time [ lo l l ,  [I641 

?c = Pde2 /?  (5.4) 

determines  whether  fluid  inertia  with mass density pd or 
fluid viscosity TJ dominates  fluid  motions over a characteris- 
tic  length d. Water, with a room  temperature  fluid  density 
of pd = I O 3  kg/m3  and  viscosity of q = IOw3 N . s/m2 has 
T,, = 100 s over a characteristic  length  of e= 1 cm. Since this 

viscous  diffusion  time is very large compared to  the dielec- 
tric  relaxation  time T = €/(I = 600 ps (at T =  OOC) and  rep- 
resentative charge migration  times T~~~ = t / p E  = 4 ms (for 
hydronium  ion at OOC) based on a field  of 100 kV/cm,  fluid 
motions are essentially  limited  by  their own inertia. 

The ion  mobil ity may be  enhanced  by  electrohydrody- 
namic  motions. If the change in  fluid  kinetic energy  equals 
the electrostatic  field energy 

:pdv2 = $€E2 (5.5) 

the  electrohydrodynamic  mobility is [I651 

PEHD = 9 = +Z ( 5 . 6 )  
V 

which  for  water is about pEHD = 8 X I O - '  m2/(V . s). 
The  electroinertial  time  constant T ~ ,  i s  then  the  migration 

time  between  electrodes based on  the  electrohydrody- 
namic  mobility 

7 E l =  e/( PEHD E )  = e { Z W ' J ,  ( 5 . 7 )  
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Fig. 23. Bipolar  homocharge injection Kerr  fringe  patterns 
using brass  electrodes. Note  the fluid turbulence near the 
positive electrode  and  the  nonexponential character of the 
upper  current trace  due to space-charge  effects.  Generally, 
this fluid turbulence  can  occur at either or both electrodes. 

For E = 100 kV/cm, t'= 1 cm, pd = IO3 kg/m3,  and c = 
80 eo  F/m, the  electroinertial  time T~~ = 1 ms, i s  of  the 
same order as the  relaxation  and  migration  times. This fluid 
motion was seen in Figs. 21 and 23. Often,  but  not always, 
there is some fluid  turbulence  for a time associated with 
charge  injection, as evidenced  by  a smearing  and blurring 
of Kerr fringes.  This  can also be seen in  the summary of  all 
our  results in  Fig. 24;showing representative Kerr effect 
photographs  for  all  electrode  combinations at times 

0.75-1.27 ms which  allow space charge to  significantly 
distort  the  electric  field. 

2) Voltage-Current Characteristics: Typical voltage-cur- 
rent  waveforms  with  the peak Marx  output  voltage  given 
under  each  oscillograph are also shown in Fig. 24. All 
voltages are negative except  for brass/brass electrodes. The 
voltages  step  from zero to  the  peak value  and then  smoothly 
exponentially decrease to zero. The terminal  current  wave- 
forms  show  more  structure  with a quick  charging  impulse 
followed  by  a  quick recovery often  with a small peak and 
reverse curvature  before  the  exponential decay. This is most 
noticeable  for  the brass/brass electrodes. 

3) Charge Density: Approximate values of charge den- 
sity are listed  in Fig. 24 computed  using a representative 
Kerr  fringe  spacing A x  with  differential  fields  around  fringe 
n in (5.1) 

4) Electric Breakdown: A history  of  the highest applied 
voltages  without  breakdown is also listed in Fig. 24. We 
note  that  breakdown strengths are generally higher  with 
bipolar  injection. For example, with  brass/aluminum  elec- 
trodes,  the  polarity  for  bipolar  injection  had a breakdown 
strength  of = 125-135 kV/cm,  while  the reverse polarity 
had  negative charge injection  with  breakdown  strength 
-- 90-95 kV/cm. Similarly,  stainless steel/aluminum elec- 
trodes  had a breakdown  strength  with  bipolar  injection  of 
= 125-140 kV/cm,  while  the reverse polarity  had no charge 
injection  with a breakdown  strength  of = 105 kV/cm. This 
increase in  breakdown  strength is due to the decrease in 
electric  field at both  electrodes  due  to  the space-charge 
shielding.  The  electric  field is increased in  the  center  of  the 
gap, but  breakdown does not  occur because the  intrinsic 
strength  of  the  dielectric is larger than at an interface. 

Reducing  the  electric  field at the  electrodes has been 
previously  done  by  placing  conducting  fluid layers adjacent 
to  the  electrodes  whose  electrical  conductivity decreases 
smoothly as a  function  of  depth  into  the  liquid.  In  this way, 
the  breakdown  strength was increased fourfold  to 1.5 
MV/cm [166]-[168]. Diffusion layers at the  electrode 
surfaces were  formed  by  slow  extrusion  of  conducting 
solutions  through  porous  electrodes.  Gravitational  instabil- 
ity was avoided  by  placing less dense  liquids  above  higher 
density  liquids. The lower  electrode used  aqueous CuSO, 
solution  with  density  slightly  higher  than  water,  while  the 
upper  electrode  used FeCI, in  ethyl  alcohol  with  density 
slightly  lower  than  water. 

Such an involved process with  attendant  mixing  prob- 
lems is appropriate  for  laboratory  testing  but is not easily 
applied  to a working  pulsed  power  machine. The  same 
electrode  shielding  effect  for  long  charging  times is more 
easily  achieved  by  injecting space charge. 

VI. ENERGY STORAGE, DISSIPATION, A N D  DELIVERY TO A L O A D  

Because terminal  voltage-current  measurements  and Kerr 
electrooptic  field  mapping  measurements have shown sig- 
nificant space-charge  effects, the usual formulas  of capaci- 
tative  energy storage  and ohmic  dissipation are no  longer 
complete.  We  must  now  include  the extra  energy stored in 
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the  electric  field  due  to  volume space charge as well as the 
extra dissipation  due  to  migrating charge. 

A. Electric Field Distribution 

Integrating Gauss's law in (5.1) yields 

where Eo is the  integration constant  equal to  the  electric 
field at x = 0. The value of E, is found  by  requiring  the 
electric  field to have average value v/t,  where v is the 
instantaneous  voltage  and G is the  electrode spacing 

so that 

8. Energy Stored in Electric Field 

The  electrical energy  stored between electrodes of area S 
is [72] 

W =  ~ ' ~ r E 2 S d x  

In the absence of space charge (q = 0), the  electric  field is 
uniform,  and  the stored energy is the usual capacitive 
relation 

where C = eS/e i s  the space-charge free capacitance. 

including space-charge effects, as 
Using (6.1) and (6.3) in  (6.4) gives the stored energy, 

+t"'dx [ fq dx ' I2) .  (6.6) 

Because the last term on  the  right is the  integral  of a 
positive-definite  quantity,  it is always larger than  the  next- 
to-last  term so that  injected space charge always increases 
the  stored  electrical energy. This is because the  effective 
spacing  between charge is  less when  distributed over the 
volume rather than  just  residing on  the electrodes, and  thus 
the  effective capacitance is increased over the space- 
charge-free  value C. 

For example,  a  capacitor at voltage  v and gap L with 
uniform charge density q(x ' )  = qo stores energy 

During a switching  operation  when  the voltage is  quickly 
changed  from v, to 4 ,  where y i s  often zero, all  the  stored 
energy is not  quickly available because the charge density 
cannot  instantaneously change. For  fast switching,  the  en- 
ergy transferred is the change in electrical energy stored 
AW assuming  the charge distribution remains unchanged 

which is independent  of  the charge distribution  and is  the 
same as the charge-free value of (6.5). This is the usual case 
for  pulsed  power systems with nanosecond  switching  times 
while charge relaxation  and  migration  times are of 100 ps to 
millisecond  order. Here, bipolar  homocharge  injection can 
offer a real advantage by increasing the voltage breakdown 
strength. For our increase of a 40 percent  higher  charging 
voltage  without  breakdown,  approximately  twice  the  en- 
ergy  can  be  delivered. 

For long  switching times, the  question remains of  how 
much  of  the excess energy due to space charge in  (6.6) over 
that  of (6.5) can  be  delivered to a load  and how  much gets 
dissipated as the charge migrates to  the electrodes. 

C. Energy Efficiency 

In a typical  pulse  power system, an intermediate storage 
capacitor is first charged by a time-dependent voltage 
waveform  such as the linear ramp  shown  in Fig. 25, where 
the  final  voltage V, is reached at time T. At this time, the 
voltage is then  switched  to a resistive load. In  the absence 
of space charge, efficient energy storage requires that  the 
ohmic  dissipation  in  the  intermediate capacitor  be kept 
small  compared to  the stored  energy so that most of  the 
energy  delivered  by  the source be  delivered to  the resistive 
load. 

In  the absence of space charge, the  charging  and  dis- 
charging  solutions  for  the  ramp  waveform in  Fig. 25 are 
found  by  ordinary  circuit analysis. Because the charging 
waveform has time  duration  much longer than  the wave 
propagation  time  down  the line, the  intermediate energy 
store  can be considered a lossy capacitor. 

The  problem is much  more  complicated  when charge is 
injected as the energy storage increases with  volume charge 
but the energy dissipation also increases due  to charge 
conduction.  The  governing  equations are given  by 
(4.15)-(4.23) and  we choose the same injection  boundary 
condition as (4.25), (4.26).  For the  switched  ramp voltage in 
Fig. 25, these equations are easily solved by Runge-Kutta 
numerical  integration. The energy efficiency defines the 
ratio  of energy delivered to  the  load  to  the energy delivered 
by  the source 

To  emphasize space-charge effects, Fig. 26 plots  the 
terminal  voltage  and  current versus time  for ? = 03 so that 
in the absence of space charge only  capacitive-charging 
current  would  f low  which is constant at i= 1 for  the  ramp 
voltage with F =  1. A large f models  the case of a 
water/glycol  mixture at low temperafure. For T >  7, the 
terminal  current is given  by j =  - P / R L .  As the  injection 
constant A increases, the  electric  field at Z = 0 drops  while 
the  electric  field at the  noninjecting  electrode at R = 1 
increases. For this  unipolar  injection case, the large field 
increase at R = 1 would lead to a lower  breakdown volt_age. 
For small values of E L ,  the voltage decay for ? >  T is 
approximately  exponential,  with  little  effect  from  the  in- 

7 A H N  et a/ . :  DIELECTRIC PROPERTIES OF WATER A N D  WATER/ETHYLENE GLYCOL MIXTURES 1211 

Authorized licensed use limited to: MIT Libraries. Downloaded on April 9, 2009 at 15:38 from IEEE Xplore.  Restrictions apply.



Copper .iAiumlnum - Copper t.'Atumlr?um '- 
No charge injection (3-0 Btpolar homocharge rrtjection , s  -0 3 c nt 8 1  0 7 c31T 
Nu f l n ~ c f  torbulence No fluid !:irbuience 
~ ~ e ~ k d ~ w n  Strength, Brearduwn Strength 

1 1 ~ k V ~ ~ ~ ~ Z O t l n ~ ~ ~  No ConGIuswns to be drawn BS not PInUUgh !eStS d O W  
1 0 O k V ' c r n  (19tin:es) 125kVlcm I? tlnles) 

Fig. 24. A  summary  at low temperatures 5-10°C with water  resistivities of 40-60 MD . crn 
of no charge, unipolar  positive  or  negative  charge,  and  bipolar  homocharge  for  all 
electrode  pair  combinations of stainless  steel,  copper, aluminum,  and brass,  Approximate 
values of charge  density, a history of the  highest  applied  voltages without breakdown,  and 
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current 

Fig. 25. A linear ramp  voltage  charges a capacitor  whose 

portional to the  electrode electric field. When  charged to 
lower x - 0 electrode injects charge  whose  density is pro- 

voltage V, at time T, the  capacitor is switched to load resistor 
RL. 

Tarrnlnal Currant is*, i.l.0 

\ !  

i 

IC 
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Fig. 26. Terminal voltage (lower) and charghg current (up. 
per) for  various values of injection constant A. 

jected charge. However, for large  values of  load resistor, the 
decay is  due to the effective conductivity q p  of the injected 
mobile charge. 

Unipolar charge injection has the unfavorable  property of 
increasing the electric field at the non-charge-injecting 
electrode, leading to  a  lower breakdown voltage. Bipolar 
injection reduces the electric field at both electrodes, 
lowering  the risk of  breakdown  and  allowing larger voltages 
across a PFL during  the charging cycle. This improvement in  
voltage  strength and energy density is at the slight expense 
of additional  heating losses, thus incrementally lowering 
the  efficiency  of  the pulse power system. 

An extension of  the unipolar drift-dominated  conduction 
model to two charge carriers injected  from opposite elec- 
trodes can solve for the charge and field distributions [145], 
[169]-11731. However,  our  preliminary approach here is to 
simplify  the mathematical  development but still allow 
quantitative assessment of the  tradeoffs without  requiring 
detailed  knowledge  of  the charge and  field  distributions in 
the  interior  of  the dielectric. 

We make two simplifying assumptions. First, we assume 
instantaneous recombination wherever positive and nega- 
tive charges overlap. This assumption allows  the injection 

to be  written as 

where 

Before the charge fronts overlap, there is only q+ near the 
anode with q- = 0 and only 9- near the cathode with 
q+ = 0. Between  the wavefronts q+ = q- = 0. When the 
positive charge emitted  from the anode meets negative 
charge from  the cathode, the charges will neutralize and 
only  the excess of one species will survive to continue the 
journey to the other electrode. 

The second assumption is that the charging cycle is 
completed  before any charge reaches the  opposite elec. 
trode.  It is generally true for charge times, plate spacings, 
and mobilities normally  encountered in pulsed  power PFLs 
that  this  time-of-flight restriction is not significant. How 
ever, the restrictions can be removed when necessary by 
using  the  method of characteristics to solve for the charge 
trajectories and  field  distribution [145],  (1691-(1731. 

Analogous to the charge injection boundary condition in 
(4.25) and (4.26), we now take the injection conditions at 
the x - 0 anode and x = C cathode as 

q + ( x - 0 , t )   = A + E ( x = O , t )  

~ - ( x = c , I ) -  - A _ E ( X = ~ , I ) .  (6.13) 
The  general  governing equation is 

Since the charge density is positive near the anode and 
negative near the cathode, at  any given time there must be 
a position  between the electrodes where the net charge 
density is zero. We call the electric field at this point E,. We 
then  write  the voltage-current relation analogous to (4.19) 
by  integrating (6.14) between electrodes 

where E, = €(x - 0, r )  and E- = € ( x  = d ,  t). We then use 
(6.15) in (6.14) evaluated at x = 0 where E = E,, q+ = A,  E+! 
q _ = O ; a t x ~ d w h e r e f = € - , q _ = - A - € _ , q + = 0 ; a ~  
at the  intermediate  position where q = 0, using (6.11) and 
(6.12) with E = E, to yield  the set of equations 

I -[ (1 + 2A+)/.I+E: - ( p +  + /.I-)€; + p-€Z 
2d  

] (6.16) 
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and  the  electric  field  everywhere  would track the  ramp 
voltage 

p+€: + ( p +  + p- )€$  + p-F? 

2e 1 (6.1 8) 

wi th uncharged  initial  conditions 

v ( t = O )  = o  E ( x , t = O )  = o  q ( x , t = O )  = o .  
(6.19) 

The  normalized  injection constants at both  electrodes are 
defined  similarly  to (4.26) as 

These two  simplifying assumptions allow  the  problem  to 
be  broken  up  into  two  regions  of  unipolar  conduction. 

Equations (6.16)-(6.18) are solved by Runge-Kutta  nu- 
merical  integration  for a ramp  voltage  reaching  final  voltage 
V, at time T. Fig. 27 shows  current,  voltage,  and  electrode 
field  development  for a ramp charg_ed iniecting  capacitor 
assuming  symmetric  injection  with A+ = A- and p+ = p- .  
In  the absence of  ohmic or injection losses (ideal capacitor), 
the  total  current  density  would  be  constant. 

J vo 
O - e T  

(6.21) 

0.5 

0.0 

V , t  f ( t )  = -- 
e T  

(6.22) 

In  the lossy, injecting case as indicated  in Fig. 27, the  total 
current  density/ increases above  the  ideal  current Jo from 
(6.21), and  the  electrode  electric  fields are  less than  in  the 
ideal case. Note that  for  symmetric  injection,  the  electric 
fields are the same  at both electrodes. 

As earlier  shown in (6.8), for very short  output  pulse 
times,  the  usable energy stored/unit area in an injecting 
PFL is  simply ~L(,~/2e. The energy input  during  the  charging 
cycle is the  time integral  of  the  current-voltage  product. 
Numerical  solution  of  the system of  equations (6.16)-(6.18) 
allows  study  of  the  ratio  of  the  stored energy to  the  input 
energy as system  parameters such as are varied. 

Fig. 28 shows a typical  result  of such a study  with sym- 
metric  parameters A+ = 2- = 2, p+ = p- = 2 X  IO-^ 
cm2/(V . s), T = 3 ms, T = 70  ms, and e= 3 cm.  The  voltage 
increases at a larger  rate as 2 increases until  the  field at 
both  electrodes reaches 100 kV/cm  in  time T =  3 ms. The 
graph  shows how the energy ratio varies with  injection 
parameter,  and also how  the energy density increases above 
the  noninjecting case (2 = 0) on  the  assumption  the  maxi- 

EE 

0.0 0.5 1.0 

t - 
T 

Fig. 27. Current  and field characteristics of charge-injecting  capacitors with 2, = 2- = 
30, p +  = F- = 2 X cm*/V . s, T = 70 ms, e= 3 crn, T =  3 rns, V, = 300 kV. In this 
symmetric  case E+ = E- = E. 
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Fig. 28. Variation of  performance Of syEmetric charge-injecting  capacitors shown as 
function of injection constant A = A+ = A _ .  Maximum field Ct electrode surface = 100 
kV/crn. T =  3 ms. and T = 70 ms so that V, increases with A to bring electrode field 
strengths  up to maximum allowed of 100 kVjcm. 

mum allowable  electric  field at an electrode is 100 kV/cm. 
The inference is that  for  fairly small energy losses, large 
gains in  energy  density can be achieved if  the  injection 
constants  can  be  controlled  to  allow large field decreases at 
the electrodes. 

VII. CONCLUDING REMARKS 

A. Summary 

Since the  late 1960s, purified water has been used as a 
dielectric in high-voltage  pulse-forming lines because its 
relatively  high  permittivity  and  low loss allow  for reason- 
ably sized and  efficient  low-impedance lines with sec- 
ondary advantages of  low cost and easy,  safe use. Design 
criteria  depend  strongly on  the  electric  breakdown  strength 
and have modeled  the  water as a slightly lossy dielectric, 
simply  described  by its permittivity  and resistivity. This was 
sufficient  for  single-shot machines with charging  times  at 
most a few microseconds. For more  slowly charged systems 
or  for  repetitively  operated systems there  can be  significant 
space-charge injection  into  highly  purified water when  high 
voltage is applied, causing  anomalous  voltage-current 
characteristics  and  distortions in the  electric  field easily 
measured  using  the Kerr electrooptic  effect. The sign and 
magnitude  of  the space charge depends strongly on the 
electrode  material.  Although  injected space charge in- 

1216 

creases the  attainable system voltage and  therefore  the 
stored energy, the usable energy delivered to a load is less 
than  the space-charge-free  capacitative energy storage value 
of (1/2)CV2 due  to energy dissipated as the  injected charge 
migrates to  the electrodes. The most  interesting case  is that 
of  bipolar  homocharge  injection,  which decreases the elec- 
tric  fields at both electrodes and  for  which in  small-scale 
laboratory  experiments  we have obtained  up  to a 40 per- 
cent  higher  voltage  without  breakdown,  thereby  allowing a 
doubling  of  stored energy. This increase in  stored energy 
due  to  higher  voltage  operation greatly  offsets the slight 
extra  dissipation  due  to  conduction,  which  we  believe can 
be  designed to  be  negligibly small. 

B. Future Research 

Because it appears that up  to  twice as much energy can 
be  rapidly obtair?ed from a bipolar space-charge capacitor 
in a  pulse power system over that  of a space-charge-free 
water  capacitor,  future  work  will also extend  the  unipolar 
analysis extensively presented here to  bipolar charge injec- 
tion,  only  briefly  developed  in  the last section. This analysis 
will include  unipolar  conduction as a simple  limiting case 
and  will  be  valid  for any terminal  excitation such as a 
sinusoidal  voltage in time for analysis of a pulse power 
resonant  oscillator. 

The  bipolar analysis will  be  performed  in real time  in 
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conjunction  with  voltage-current  and Kerr electrooptic 
measurements  trying  to  find values of charge mobility  and 
injection  constants  that  provide  a best f i t   to the  time 
dependency  of  the measured  electric  field  distributions  and 
terminal  voltage  and  current.  We wil l  take the  temporally 
digitized  measured  voltage  and  current  waveforms  and  the 
spatially  digitized  electric  field  distribution  from an optical 
multichannel analyzer and  find  the values of  the  unknown 
parameters of charge mobilities  and  injection constants in 
the  bipolar analysis to give a best fit  to  the  measurement. 

I t  i s  best to  inhibit  unipolar charge injection  that in- 
creases the  electric  field at the  non-charge-injecting elec- 
trode  leading  to early  electrical  breakdown  and to encour- 
age bipolar  homocharge  injection at both  electrodes  where 
injected  charge  shields  the  electrodes,  causing  lower  elec- 
trode fields. Even though  this causes the  electric field  to be 
larger in  the  dielectric volume, the  intrinsic  strength of the 
dielectric is larger than at interfaces. To increase the  magni- 
tude of bipolar  injection by increasing  the  injection  con- 
stants A+ and A _ ,  special charge injecting  coatings  for  the 
anode  and  cathode  will  be  investigated  that  allow  higher 
voltage,  higher energy operation  without  breakdown.  The 
ultimate  goal is to  find  dielectric/electrode  combinations 
that  allow  the  highest  voltage  operation  without electrical 
breakdown. 

For fast, single-pulse  operation on submicrosecond  time 
scales, injected charge cannot  accumulate fast enough  to 
provide  significant  electric  field  lowering.  However, a pre- 
pulse  prior to the  main  power  pulse can precondition  the 
charge  distributions near the  electrodes to  allow  a  higher 
main  pulse  without  breakdown. For repetitive or  burst 
pulse operation, space charge from earlier  pulses can shield 
the  electrodes so that  later shots inject less charge. 

Kerr  electrooptic  field  mapping  measurements  will also 
be  made near water-solid  dielectric interfaces, typically a 
weak  point  in  high-voltage systems. Similar field  mapping 
measurements  will  be  extended  to  other  high-voltage  in- 
sulating  materials such as transformer  oil  and  polyethylene. 
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