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ELECTRO-OPTIC FIELD AND 
SPACE-CHARGE MAPPING 
MEASUREMENTS IN HIGH-VOLTAGE 
STRESSED DIELECTRICS 
Markus Zahn 

Insulating dielectrics used in power 
apparatus, such as transformers and 
cables, and in pulsed power technology, 
such as Marx generators and 
pulse-forming lines, have their 
performance affected by injected space 
charge. The Kerr effect can show how it 
happens. 
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For greater efficiencies in AC and DC power 
generation and transmission, and for larger 
energies in pulsed power applications such as 
lasers, fusion and charged-particle beam devices, it 
is necessary to operate at the highest voltage levels 
with minimum volume. These technologies are thus 
limited by electrical breakdown of available 
materials. 

The study of electrical insulation and dielectric 
phenomena is mainly empirical, with most 
measurements being taken at electrical terminals 
and giving data on the voltage and current there, 
thus providing no information on the electric-field 
distribution throughout the volume between 
electrodes. These terminal measurements cannot 
distinguish between a wide range of models of 
pre-breakdown and breakdown behaviour. The 
electric-field distributions cannot be calculated 
from knowledge of system geometries alone 
because of space-charge effects. This volume 
charge is due to injection from electrodes or to 
dielectric ionisation and depends on the electric 
field, which in turn self-consistently depends on the 
charge distribution. 

Power apparatus 
The most common high-voltage insulant is 
petroleum mineral oil, usually called ‘transformer 
oil’ but used as insulation in all high-voltage 
devices. Because transformer oil use began with the 
growth of the utility industry, its general physical, 
chemical and electrical properties have been well 
characterised. However, because transformer oil is 
a blend of various hydrocarbon types, specific 
properties differ between samples. In the past, 
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Figure 1. A representative pulsed power machine used for inertial-confinement fusion experiments is the Sandia National 
Laboratory’s Particle Beam Fusion Accelerator-I (PBFA-I),  which consists of a slowly charged Marx capacitor bank under 
insulating oil which acts as the primary energy store, a water-dielectric capacitor as the intermediate energy store, a 
switched pulse-forming line which compresses the waveform in time, and a magnetically insulated transmission line which 
delivers the power pulse to a vacuum diode to produce energetic electrons or light ions, which are then accelerated and 
focused by electric and magnetic fields onto a target. 

mineral oil flammability was reduced by adding 
polychlorinated biphenyls (PCBS). However, later 
research has shown the non-biodegradability of 
PCBS to  be a health hazard so that current standards 
do not allow the use of PCB oil. This has resulted in 
a search for new natural o r  synthetic oils that are 
biologically and environmentally safe and yet still 
have high electric strength, low dielectric dissipa- 
tion, good chemical stability, low volatility and high 
flashpoint, good arc-quenching properties, and are 
non-flammable, non-toxic and inexpensive. 

Silicone oil is one candidate for replacement for 
PcB-contaminated oil with a number of utilities in 
the midst of a retrofilling program. Trichloro- 
trifluoroethane (C2C13F3) (trade name. Dupont 
Freon 113) is liquid at room temperature and is also 
used for high-voltage insulation and cooling in 
high-voltage transformers and compact DC valves. 

The importance of charge effects is demonstrated 
by the flow electrification of such insulating liquids 
through insulating or conducting pipes or filters. 
Here, the mobile part of the electrical double layer 
that forms at the interface between dissimilar 
materials is swept away by the flow and can 
accumulate on insulating surfaces leading to strong 
electric fields and ultimately to spark breakdown. 
This was an old problem with jet fuels but has 
recently resurfaced in power apparatus as the need 
for more-compact high-efficiency equipment has 
resulted in new material combinations and 
increased flow speeds. A t  present the standard 
approach to this problem is to  use anti-static 
additives and charge-relaxation volumes to provide 
leakage so that charge cannot accumulate signi- 
ficantly (Gasworth 1985). 

Power cables and film capacitors use solid 
polymers such as polyethylene, cross-linked 
polyethylene, ethylene-propylene rubber and 
polypropylene. Space-charge effects in these 
polymers can significantly affect performance, 
especially when switched in DC polarity, because 
the space-charge distribution cannot change instan- 
taneously. High-field regions can then lead to 
premature breakdown. Surface-charge distributions 
due to surface conduction along insulating posts 
can also lead to concentrations of electric field. 

Pulsed power technology 
For inertial-confinement fusion and directed-energy 
devices, high peak power (at the terawatt level) is 
needed for short times of the order of 100ns. 
Pulsed power technology collects and stores electric 
energy at a low input power (-1 kW) for a long 
time (-1 s) and then delivers this 1 kJ energy in a 
much shorter time (-100ns) at a much higher 
power level (10 GW) for a power gain of 10’. 
Figure 1 illustrates a pulsed power machine used in 
inertial-confinement fusion experiments a t  Sandia 
National Laboratory. It is one module of the 
Particle Beam Fusion Accelerator-I (PBFA-I). The 
complete machine consists of 36 modules with 
ratings of 2 M V  and 15 M A  delivered for 35 ns with 
30 TW peak power and 1 MJ energy. 

Highly purified water is used as the dielectric in 
the pulse-forming lines of most pulsed power 
machines because its high dielectric constant (-80) 
and high resistivity (>18 MQ cm) allow short and 
efficient low-impedance high-voltage lines for pulse 
durations less than 1001s. Mixtures of water and 
ethylene glycol have higher resistivity and allow 



injection into water can play an important role in 
determining the limits of performance of the 
dielectric (Zahn et al 1983). The injection of space 
charge from the electrodes into the water affects 
the charging and discharging circuit characteristics 
and introduces another time constant: the time of 
flight for injected charge to migrate between 
electrodes. High-voltage open-circuit decay curves 
of a water-ethylene glycol mixture show a 
dielectric relaxation time that depends on electrode 
spacing and decreases with increasing initial voltage 
at room temperature, while at -10°C the 
open-circuit decay curve has a negative second 
derivative with time. This is in contrast to the 
expected exponential decay, which always has a 
positive second time derivative and with dielectric 
relaxation time that is independent of electrode 
geometry and voltage. This anomalous behaviour is 
due to injected charge that increases the effective 
ohmic conductivity (I to (I + qp, where q is the time- 
and space-dependent net charge density with 
mobility p. 

Kerr electro-optic field mappi% 
High-voltage stressed materials are usually birefrin- 
gent, in which case the refractive indices for light (of 
free-space wavelength A) polarised parallel, 1111, and 

Figure 3. Schematic of instrumentation needed for Kerr electro-optic measurements showing water purification, cooling 
and circulation system; circular polariscope optics; and high-voltage supplies and triggering electronics. 

Figure 2. The output of a photomultiplier tube goes 
through a series of maxima and minima (here n = 1 to 4 
in equation (4)) when a 100 kV negative high-voltage 
pulse is applied, here shown for 77% water, 23% ethylene 
glycol by weight at 2.7 "C using crossed polarisers (time 
base 20 p cm-'). From this measurement, the Kerr 
constant of the mixture at A = 633 nm wavelen th is 
B = 2.2 x lo-'4 m V-' with E,,, = 45.6 kV cm- . 
low-temperature operation with negligible loss for 
longer (millisecond) timescales, so that rotating 
machinery, rather than the usual Marx generator, 
can be used as the primary energy store. 

However, recent work has shown that charge 
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perpendicular, n,, to the local electric field are 
related by the formula (Hebner et a1 1977) 

rill - n1 = A B E ~  (1) 
where B is the Kerr constant and E is the 
magnitude of the applied electric field. The phase 
shift @ between light-field components propagating 
in the direction perpendicular to the plane of the 
applied electric field along an electrode length L is 

4 = 2nBE’L = n(E/&)’, E, = (2BL)-ln. (2) 

Water has a Kerr constant B = 3.5 X lo-’4 m V-’ 
while ethylene glycol has a negative Kerr constant 
B = -0.9 x lo-14 m V-’ (Zahn et a1 1985). 

If the birefringent dielectric is placed between 
aligned or crossed polarisers, the transmitted light 
intensity is 

sin’ fn(E/E,)’ crossed polarisers Z 
z aligned (3) -= { 

‘0 COS’ In(E/Em) polariserS. 

Field minima and maxima occur when 

minima AP 
axima CP 

minima CP 

maxima AP 

nodd d, ) 
neven ( ). (4) I E 

-= v n  
E, 

E, is thus the field magnitude for first maxima with 
crossed polarisers and first minima with aligned 
polarisers. For our test cells with highly purified 
water at A = 590 nm, E, = 35-36 kV cm-l. 

When a high-voltage pulse is applied, as in figure 
2, a photomultiplier tube detector goes through the 
series of maxima and minima related by .\ln as in 
equation (4). Figure 3 shows the usual fluid- 
handling, optical and high-voltage instrumentation 
needed for Kerr electro-optic field-mapping 
measurements. 

Space-charge effects 
Metallic electrodes differ in the magnitude and sign 
of the charge injected. In the following, we present 
specific results for highly purified water which show 
that stainless-steel and copper electrodes generally 
inject positive charge, aluminium injects negative 
charge, while brass can inject either positive or 
negative charge. 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 (Zahn et a1 1985). 

Uniform electric field. In the absence of space 
charge, the electric field is a uniform vl l ,  where v is 
the applied voltage between electrodes of spacing 1. 
Kerr effect measurements (such as in figure 4)  then 

Figure 4. For no space charge, the electric-field 
distribution is uniform at vl l ,  where Y is the 
instantaneous voltage and 1 is the electrode spacing, so 
that the Kerr effect shows uniform light transmission in 
the inter-electrode gap region for all electrode 
combinations in water. E, = 35-36 kV cm-’. 

have a uniform light distribution in the central 
inter-electrode gap with no dark lines. Whatever 
the electrode material combination, there will be 
no space charge in the early stages after a 
high-voltage pulse is applied, as it takes about 
5 0 0 ~ s  for the charge to migrate a significant 
distance from the electrodes. However, even at 
long times, figure 4 shows no space charge with the 
negative electrode either stainless steel or copper 
when aluminium is the positive electrode. 

Unipolar charge injection. With net charge 
injection, Gauss’s law for a one-dimensional 
parallel-plate electrode geometry 

(5) 
v . E = g + - = -  3E 4 

E ax E 

shows that the slope of the electric-field distribution 
E is proportional to the net charge density q. As 
shown in figure 5, positive charge injection results 
in an electric field that has a positive slope 
everywhere while negative charge has an electric 
field everywhere with negative slope. For unipolar 
injection, the electric field is thus decreased at the 
charge-injecting electrode, but is increased at the 
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Figure 5. 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 other 
electrode, keeping the average field value constant at vll. Results for various metallic electrode combinations in water are 
shown here. 

other electrode because the average electric field the negative charge injection from the copper 
must always be vll. electrode causes electrohydrodynamic motions that 

Positive charge injection. Positive charge is blur and smear the fringes together. Injected 
injected from the positive electrode of a pair of charge sometimes leads to this fluid turbulence, 
stainless-steel or copper electrodes as in figure 5. which for planar electrodes often persists only for a 
The same is true if copper is the positive electrode short time interval and then disappears. 
with a stainless-steel negative. However, there is an Negative charge injection. Figure 5 also shows 
anomaly when stainless steel is positive and copper negative charge injection from the negative 
is negative. From our first measurements, we would electrode of a pair of aluminium electrodes, and 
expect this configuration to also have positive from the brass electrode when it is negative with 
injection from the stainless-steel electrode, but in either a positive copper or aluminium electrode. 
fact it is bipolar homocharge, as shown in figure 6. Again, we have an anomaly with the copper 
There the positive charge injection from the electrode because we earlier found it to be a 
stainless-steel electrode gives clear fringes, while positive charge injector and thus expect a 
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Figure 6. 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 vll. The space-charge shielding at the electrodes increases 
the voltage breakdown strength by up to 40% in water. 

negative-brass-positive-copper electrode combina- curves. Here, the fields are weaker near the 
tion to inject bipolar homocharge. electrodes, increasing to a maximum near the 

Bipolar homocharge injection. When positive centre with positive charge near the positive 
charge is injected from the positive electrode and electrode and negative charge near the negative 
negative charge injected from the negative electrode. 
electrode, equation (5)  shows that the electric-field 
distribution has positive slope near the anode and Effects Of injecting 'pace charge 
negative slope near the cathode. Since the average Breakdown strengths are generally higher with 
electric field remains unchanged, figure 6 shows bipolar injection. For example, with brass- 
that the electric field must be lowest at each aluminium electrodes, the polarity for bipolar 
electrode, rising to a maximum value greater than injection had a breakdown strength of -125-135 
the average somewhere in the centre of the gap. kVcm-', while the reverse polarity had negative 
The bipolar homocharge Kerr-effect patterns in charge injection with breakdown strength -90-95 
figure 6 generally show a symmetrical set of oval kV cm-l. Similarly, stainless-steel-aluminium elec- 
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Figure 7. Electric-field distributions at 17 kV DC with 
Kerr-effect data in nitrobenzene showing effects of 
polarity reversal with the inner electrode positive 
(IE + ve) or negative (E - ve). Radius of inner cylinder, 
0.5 cm; outer cylinder, 1 cm; length, 10 cm; E,,, = 
9.8 kVcm-'. The full curves are a best fit to a 
positive-charge migration model with 'Pulse' being the l l r  
charge-free case. 

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-l. 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 centre of the gap, but breakdown 
does not occur because the intrinsic strength of the 
dielectric is larger than at an interface. 

With coaxial cylindrical electrodes space-charge 
shielding can cause a stress inversion as shown in 
figure 7 (Zahn and McGuire 1980). Here the liquid 
dielectric is nitrobenzene, which has one of the 
highest known Kerr constants, B = 3 X lo-'* m V-'. 
When the inner cylinder is the anode, positive 
charge injection is so strong that the space-charge 
shielding causes the electric field at the inner 
cylinder to be a minimum, with the field increasing 
to the outer cylindrical electrode, in complete 
contrast to the expected space-charge-free llr field 
dependence shown as 'pulse' in figure 7. When the 
outer cylinder is the anode, positive injection 
lowers the field at the outer cylinder and raises it 
above the charge-free case at the inner cylinder. 
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Figure 8. Kerr-effect data for nitrobenzene over the 
course of a 40 Hz, 14 kV peak sinusoidal voltage. From 0" 
to 180°, the inner cylinder is negative with very little 
charge injection so we see the l l r  space-charge-free 
pattern, while from 180" to 360" the inner cylinder is 
positive, with significant charge injection causing 
essentially uniform electric field, as evidenced by the lack 
of fringes. 

Polarity effects on electrical tree dendrites in 
coaxial polyethylene cables may also be due to 
space-charge effects, whereby trees form near the 
outer electrode where it is thought that the field is 
weak but in actuality may be strong. 

Figure 8 shows Kerr-effect measurements over 
the course of a sinusoidal voltage cycle. The 
photographs on the left of figure 8 show the half 
cycle where the outer cylinder is positive and the 
field distribution corresponds closely to the llr 
charge-free case. The photographs on the right of 
figure 8 show the opposite half cycle where the 
inner cylinder is positive. The electric field is highly 
uniform due to significant positive charge injection. 
Such asymmetrical behaviour over the course of a 
sinusoidal cycle leads to harmonic generation. 

Concluding remarks 
Space-charge effects in high-voltage stressed 
dielectrics are significant and can be the dominant 
factor in the aging and degradation of high-voltage 
equipment. Unipolar charge injection increases the 
electric field at the non-injecting electrode, leading 
to a lower-voltage breakdown strength. Bipolar 
homocharge injection shields both electrodes, 



lowering the electric fields at both electrodes. Even 
though this causes the electric field to  be larger in 
the dielectric volume, the intrinsic breakdown 
strength of the dielectric is larger than at the 
interfaces. The net effect is to  allow higher-voltage 
operation without breakdown. 

Kerr electro-optic field mapping provides a 
convenient non-invasive method of monitoring 
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Meetings and courses 
7th Miami int. conf. on alternative energy sources 
9-11 December, Miami Beach, Florida, USA 
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14 January, London 
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The management of computer projects 
26-30 January, Loughborough, UK 
Info: Mr K Hearnden, Centre for Extension Studies, 
University of Technology, Loughborough, Leicestershire 
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Advanced lithographic techniques seminar 
28 January, London 
Info: The Meetings Officer, The Institute of Physics, 47 
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7th int. conf. on assembly automation 
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Info: Conference Manager (ICAA-7), IFS (Conferences) 
Ltd, 35-39 High Street, Kempston, Bedford MK42 7BT 

Electronics in oil and gas (exhib. and conf.) 
4-6 February 1986, London 
Info: Cahners Exhibitions Ltd, Chatsworth House, 59 
London Road, Twickenham, Middlesex TW13SZ 

Optical Cbre communications (OFC 86) 
Integrated and guided wave optics (IGWO 86) 
24-28 February, Atlanta, USA 
Info: Optical Society of America, 1816 Jefferson Place 
NW, Washington DC 20036, USA 
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Info: The Conference Secretariat, Institution of 
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Info: Conference Department, The Institute of Metals, 1 
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25-27 March, Glasgow 
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