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Abstract of thesis. 

Conduction current measurements have been carried out 
in a variety of highly degassed hydrocarbon liquids using 
plane and spherical electrodes, at field strengths between 

50kV/cm and breakdown. These liquids have been analysed 
by means of a high resolution chromatography apparatus and 
a marked dependence of the reproducibility of the results 
and the purity of the liquid was found. 

Stee.dy currents in the region of 10-6 A have been 
recorded, these being greater by several orders of 
magnitude than those found by other investigators under 
similar conditions. This high value of current has been 
established to be due to the high degree of degassing of 
the liquids used in this project. 

Measurements were made on the instability of the 
current, fast pulses in the microsecond region, particle 
movement and brea.kdown. No relationship was found 
between any of the electrical properties of the gap and 

the state of the electrode surfaces or the material used, 
although there was a marked change in the maximum value 

of the conduction current and some varia.tion in the 
pattern of the in-stability when different liquids were 
tested. 

When using 3mm diame.ter, stainless steel, parallel 
plane electrodes the breakdown strength was found to be 
approximately 400kV/cm and independent of the liquid used. 

A mechanism has been proposed, based on realignment 
of the liquid molecules under the influence of the high 
electric field, and appears to be well able to explain 
the majority of the experimental observations. 
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1. 

1. Introduction. 
Until recently the breakdown strength of hexane 

was believed to be about 1 - 1.2MV/cm. However, in 
1960 Sletten (1) found that this high electric strength 

could only be obtained in liquid con~aining a large 
quantity ef dissolved air, -and when this was reduced 
the electric strength fell to about 800kV/cm. The 
current was then too erratic to be measured. Further 
work by Morant (2) in which the gas content of the 

liquid was further re~uced, showed that the breakdown 
strength of hexane is as low as 500kV/cm. The 
current in this highly degassed liquid was st-ill 
erratic, and varied between several levels even though 
a constant voltage was maintained. '11he maximum value-

-6 of the current was in the region of 10 A. 

The present work is in fact a continuation of that 
initiated by Mora~t, using his original apparatus with 
several small modifications. The main emphasis has 
been on attempting to obtain steady currents and 
reproducible results in highly degassed liquid. At 
the same time experiments were carried out with the 

object of explaining the dependence of the current on 

air content. 
The enormous effect that dissolved air has on the 

conduction current in hexane can be seen from the 
re-sults shown plotted in Fig. 1. These have been 
plotted on a log. scale for convenience, and for easy 
comparison with published work, they have been replotted 
on a log. linear scale, since much of the published 
work has been plotted in this manner. Curve 1 in 
these graphs refers to ·results obtained by House ( 3) 
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2. 

using spherical electrodes in hexane with a relatively 
high air content. This is seen to be similar to 

Curve 2 which refers to a test done in the present 
project with plane electrodes in air-saturated hexane. 

Curve 3 shows typical results obtained-in the degassed 
liquid in the earlier part of this work. The progress 
made in obtaining a smooth current-voltage curve can be 
seen on comparing curves 3 and 4, the latter being 

- . 
obtained towards the end of this proj·e·ct. 

The results have been presented, as far as 
possible, in the order in which the experiments were 
carried out, since in most cases each experiment 
naturally followed the preceding one~ 

Although, as already mentioned, the main object 
of this work was the examination and explanation of the 
high currents obtained in degassed liquid, measurements 
were also made in ·a variety.of liquids on particle 

movement, fluctuations in .the current, fast pulses 

in the microsecond region, electrode effects and 

breakdown. 



2. Experimental apparatus and procedure. 

2.1. Chromatography. 

2.1.1. Introduction. 

Chromatography, in its present form, is one of 
the most powerful tools available to the analytical 

3. 

chemist. Sensitive apparatus is readily obtainable 
which can analyse a mixture accurately to onepart in 
a million. The name is derived from early-~:x:pe;niments 
in which it was found that when a solution of Chlorophyll 
was applied to one end of a tube packed with pulverized 
calcium carbonate the components of the solution 
separated out into distinctive colour bands. 

In Gas chromatography the substance to be analysed 
is vaporized and carried through a column by a stream 
of carrier gas. The different components of the 

sample take different times to traverse the length of 

the column, so that w~en they leave the far end they 
are separated out and can then be analysed by means of 

a suitable detector. 
The mechanism of chromatography is as follows. 

The sample is introduced into the gas stream, flows 
into the coated tube and part of it is absorbed by the 
stationary phase as it enters portion 1 of the column, 
fig. 2. In equilibrium the ratio of the quantity 
absorbed in the stationary phase to that remaining in 
the gas stream is fixed. However, the unabsorbed 
sample is swept away by the gas stream to be reabsorbed 
by the stationary phase a little further up the 

column, portion 2 say, and the equilibrium in portion 1 
is upset. The sample previously absorbed is then 
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desorbed into the gas stream and reabsorbed in portion 3. 
That in portion 2 is desorbed by the same process 
and this is repeated until the sample leaves the 
column. The time taken for a component to travel the 
length of the column depends on the affinity of the 
stationary phase for it, .so that when the sample 
emerges from the column it is separated out into its 
components, the degree of separation depending on the 
particular sample, the working temperature etc. 

-- 2.1.2. Description of the chromatography apparatus. 

For the chromatography apparatus built in this 
project it was decided to use a capillary column in 

preference to a packed column because of its superior 
resolution and the fact that it can be used satisfactorily '"" 
without any specialized knowledge of chromatography. 

A schematic diagram of the apparatus, which is an 
almost exact copy of that constructed by I. Halasz_ 

and G. Schreyer (4) is shown in Fig. 3. Here an 
argon ionization detector, rather than a flame 
ionization, was used, because detailed drawings were 
available for the former. Since the apparatus is not 
original it will only be described briefly here; for 
fuller details it is necessary to refer to the 
original publication. 

The explanation of the diagram is as follows. A 
is a cylinder of the carrier gas ( 99.9.99% pure argon). 
Gas flows from this cylinder through a cooled tube, B, 
containing Linde Molecular Sieve, grade 5A, in order to 
remove impuri tie.s from the gas stream, and then through 

a copper spiral,C, immersed in a freezing mixture of 
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solid carbon dioxide and methylated spirits in o•rder 
t~ remove moisture. These were later discarded as 
their presence produced no noticeable improvement. 
From C the gas flows through a preheating column D 
immersed in the thermostatically controlled, constant 
temperature bath which preheats the carrier gas and 
helps to vaporize the sample. 

Before the gas reaches the sample dispenser F 
some of it is bled off via the tee-junction E and 
needle valve L to the ionization cell in order to 

flush it out. The necessity of this is made clear 

in Sec. 2.1.4. The sample to be analysed is 
introduced into the carrier gas flow by means of the 
dispenser F and is carri_ed into a splitter H via a 
second preheating column G. H i.s filled with glass 
wool and this, together with the two preheating 
columns, ensures that the sample is fully vaporized 
before it reaches the detector. F in·jects a 
standard amount of 1. 3 Jl litre s into the· system, and 
since this is more than the cell can cope with, the 
majority of the sample is disposed of into the 
atmosphere by means of the splitter H, the exact 
proportion removed being controlled by the needle 
valve M. 

K is a length of wide bore tubing which acts 

as a buffer volume and maintains thepressure at the 
head of the capillary column I during the short 

interval in which the gas _supply is interupted when 
the dispenser is operated. The sample finally passes 

through the column into the cell where the components 

are resolved. 



6. 

2.1.3. Filling the capillary tu_b~. 

The ultimate resolving power of the apparatus 
depends upon the capillary tube and this must be correctly 
coated for optimum results. A 100 ft. length of 
0.1 mm bore copper tubing was used and filled according 
to the recommendations of Halasz and Schreyer (4). 
The tube was first washed by forcing through a quantity 
of petroleum ether. A 10% solution of ~qualane 
and petroleun1 ether was made up and forced through the 

tube at a pressure of approximately 700lbs./sq.in. 
until the first drops of the solution appeared at the 
far end. The capillary tube was then connected into 
the appe.ratus and argon passed through at a pressure 

of 2 atmospheres, the colurnn being kept in the 
constant temperature bath at a temperature of 70°C. 

This evaporated the petroleum ether and left the 
squalane .. behind in the correct thickness to act as 
th~ stationary phase. 

In order to fill the column easily and safely at 
the high pressure required a special pump was constructed. 
A cross-sectional drawing of this is shown in Fig. 4. 
A is the vessel into which the solution is poured and 
B is a plunger to which is attached a P.T.F.E. washer c. 
To operate the pump the solution is poured into A with 
one end of the capillary tube already soldered into 
the nozzle F. The plunger is then inserted until the 
clamp D makes contact with the liquid. The_clamp is 
tightened by means of the nut E and this forces out the 
washer C to make a leak-free seal. The whole is then 
placed in an hydraulic press and the liquid forced 
through at the required pressure. This system contains 
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no compressed gas and is therefore quite safe even if 
a fracture occurs. 

2.1.4. ~'he detector a.nd its electrical circuit. 

The detector empl9yed was an argon ionization 
detector modelled on the one developed by Lovelock (5). 
A simplified version of it is shown in Fig. 5. The 
principle of action of this cell is as follows. 
Argon, which is the carrier gas, flows into the cell 
and its atoms are excited into metastable states of 

11. 6eV energy. The separated-out_ components of the 

sample which emerge from the end of the capillary 
column are swept into the- cell by the carrier gas and 
are immediately ionized there by transfe_r of energy 

from the metastable argon atoms. These ions are 

collected by the electrodes, which are maintained at 

a high potential, and are recorded as current in the 
external circuit. The response of the cell is an 
approximately linear function of the quantity of the 
sample passing through it, so that a good estimate of 
the relative quantities of the different components in 
a substance can be obtaine-d by simp+y measuring the 
area under each pea_k in the chromatogra.m. 

The purpose of the scavenge flow is to remove . 
excess ions and so prevent a build up of space charge 
which would otherwise diminish the sensitivity of the 

cell. 

-It will be understood from the above that the cell 
is limited to the detection of substances having 

ionization potentials not greater than 11.6eV. 

However, the majority of organic substances do in 
fact have ionization potentials smaller than this 
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figure, so that this limitation is not a serious 
drawbacl{ as far as the analysis o'f hydrocarbons is 
concerned. 

The electrical circuit is shown in Fig. 6. and 

8. 

is self explanatory. 'l'he backing off cireui t is made 
necessary by the fact that the standing current is 
approximately l0-6A whereas. the smalle~t signal 

-10 required to be observed is of the order of 10 A. 

2.1.5. Attainment of the maximum resolution. 

The attainment of the maxi~um resolution was a 
matter of some difficulty as it is a function of the 
pressure of the carrier gas, the temperature of the 

column, the scavenge flow, the setting of the needle 

valve M, Fig.). and the voltage applied to the cell. 
Except for the temperature and the cell voltage, these 
variables were interdependant and the optimum settings 
had to be found'by a long process of trial and error. 

The optimum temperature is approximately the 
boiling point of the substance to be analysed. A 
lower temperature, provided that it is not so low that 
the sample, .. does not vaporize, increases separation of 
the peaks but increases the time of the analysis. A· 
higher temperature decreases the time necessary for 
the analysis but also decreases the spacing between the 
peaks. 

The optimum voltage to be applied to the cell is 
the highest which can be applied without the electrical 

noise due to the radioactive source be·coming comparable 

with the signal. Both the noise level and the 

standing current were found to be approxima,tely 2 
orders of magnitude higher than the values quoted for 



the best cells of this type (6}. Faulty insulation 
was at first suspected but this was ruled out by a 
process of eli!llination. The radioactive source was 
removed and the noise disappeared. It was then 
concluded that the noise was due to the statistical 
nature of emission of the radioactive source; this 
gave the limit of resolution of the apparatus. 

g. 

The precise resolving power of the apparatus was 

not measured because it was not require~ .in the present 
work. However, an idea of the resolution of the 

instrument can be obtained from li'ig.l4. in which it can 
be seen that the area of paak 1, the smallest peak, is 
approximately 1,600th of the total area. Since the 
area encompassed by each peak is approximately 
proportional to the amount of substance present, this 
particular component is present in the ratio of 
app~oximately 1; 1,600 to the total, i.e. less 
than 0.1%. 

2.2. The degassing apparatus and the procedure. 

2. 2 .1. The degassing ap_-pe.ra"tus. · 

The degassing apparatus which was used to purify 
all the liquids used in this work, is drawn 

approximately to scale in Fig.?. This is basically 

the apparatus used in earlier work by Morant (2) but 

with smal·l improvements made during the course of the 
present work. 

In th.is apparatus the liquid undergoes a three 
stage vacuum distillation process at gradually 
reducing temperatures with the object of removing as 

much of the dissolved gas content as possible. *H 

~fie ~a,o were erigiBally ef tho usual gPeasea vaPiety 
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oilieon.e greR99 iR 1;hQ~Q t~ps. ~hQy were therefore 

!'e~laeea witl:l ~reaseless taps manufactured by 
G. Springharn and Co. which have "Viton A" as the 

. · . w~rt US4tcl. . • • 
seal~ng materJ.al~ As far as 1s known th1s mater1al 
is inert with respect dl.6 hexane. However, tap P was 
of the greased variety because at that point a large 

bor~ pi_pe was required in order to obtain sufficient pUmP,fhg 

speed, and a greaseless ta.p of sufficiently large 

diameter (approximately 2.5cms.) was not available. 

Contamination from this tap .was reduced to a minimum 
by placing it in a position as far away as possible 

from the liquid being degassed and protecting it with 
cold traps. 

The purpose of each component of the apparatus is 
1nade clear in the sections on the degassing procedure, 
Sees. 2.2.3 and 2.2.4. 

The backing pump was an oil-filled rotary pump 
manufactured by Edwards High Vacuum Ltd. model 1SC50B, 
capable of producing an ultimate vacuum of 5Xl0-3torr. 

A 20litre/sec. capacity mercury difussion .pump of 
G.E.C. design, capable of producing an ultimate vacuum 
of the order ~f l0-6torr provided the high vacuum. A 

high pumping speed was ensured by using the largest 

diameter tubing practicable. 

2.2.2. Degassing rate of the system. 

After the test cell was replaced after the electrode 

polishing, see Sec. 2.3.1, the whole of the apparatus 
was pumped out before the liquid was introduced for 
degassing. When the pumping was discontinued by 
closing tap P, the pressure in the system rose due to 
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the degassing of the metal parts of the system and 
desorption of vapour from the glassware. It is 
possible to differentiate between these two by 
cooling trap 0 with liquid air or nitrogen. ·Emitted 
vapour then condenses on the inside of this trap as a 

solid and is not recorded by the Pirani gauge. The 
Pirani gauge then measures the degassing rate only. 
Without liquid air on 0, the sum of the degassing rate 
and the rate of evolution of vapour is measured. 

·Before a distillation was commenced the whole of 
the appara~us was evacuated using the diffusion pump 
until the degassing rate wa.s of the order of 10-7lusecs. 
A rate of vapour evolution about 10 times this 
magnitude was tolerated since in any case the majority 

VOf.'OUr 
of th~"'evolved was from liquid absorbed in the 
apparatus from the previous test. The importance of 
the degassing rate is that later the liquid was sealed 

off in the cell and it was re.quired to remain degassed 
for as long as possible. 

2.2.3. Rough degassing of the liquid. 
stage· 

The first~of the degassing was done as follows. 

A mixture of ground solid carbon dioxide and methylated 
spir:i, t was placed around res·ervoir D, Fig. 7. A small 
amount of the cooling mixture was also ~ut into trap H 
in order to prevent oil from the backing pump from 
entering the. system during the degassing and so 
contaminating the liquid. Tap G was opened and the 
low vacuum side of the apparatus evacuated by means of 
the backing pump. The inlet was cleaned with a piece 
of filter paper soaked in the liquid to be degassed and 
the bottle containing the sample clamped over it. A 
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Dewar containing some of the cooling mixture mentioned 

above was placed over the spiral A and filter B, and 

when they were sufficiently cooled, tap C was opened· 

to allow the liquid to flow into the reservoir D, the 
apparatus being pumped continuously through tap G. 
It was assumed that any moisture present in the liquid 

would freeze and be filtered out by the fine filter B 

which was of lp pore size. 
When sufficient liq_uid had collected in D, tap C 

was closed, traps E and F filled with the cooling 
mixture and the dewar removed from D. Liquid then 

began to drip off E and fill reservoir I, and since 
thls was a fairly slow procedure taking approximately 

90 mins. for the 50 ccs. of liquid contained in D to 

distil over, it was reasonably well degassed at a pressure 

o! the order of 10-3torr. 

2.2.4. Final degassing. 

The final degassing, which was done at a pressure 
of 10-5 -l0-6torr, consisted of two stages, a fairly 

rapid distillation between room temperature and -182°C 

(the temperature of liquid air) and the last stage 

being a very slow distillation between the temperature 

of solid carbon dioxide (-79°C) and -182°C. For the 
first of these stages G was closed and liquid air 

poured into trap K. A Dewar containing solid. carbon 

dioxide and methylated spirit cooling mixture was 

placed around Land a small quantity of liquid.air 
poured into the spherical trap Min order toprevent 

mercury from the diffusion pump from contaminating the 

liquid and the liquid from contaminating the large 

greased tap P. The high vacuum side of the apparatus 
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had, until this time, been pumped by means of the 
diffusion pump in· preparation for this. distillation. 
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Tap J was opened and the liquid allowed to 
vapourize from I and condense as a solid on the inside 
surface of K, pumping meanwhile with the diffusion 
pump, and checking the pressure continually by means 

of the Pirani gauge. 
When all the liquid had been removed from I, 

taps J and P were closed, the liquid air removed from 
K and M and the liquid allowed to collect in L. It 
was then ready for the last stage of degassing. For 

this,trap N was filled.with cooling mixture and a 
little was also placed around trap 0. This served to 

protect both the liquid and the tap P as mentioned above. 

With the cooling mixture still surrounding L, a little 
liquid air was poured into IVI and the tap P immediately 
opened to the diffusion pump. There then followed a 
slow distilla.tion of the liquid from IJ which was at the 
tempere.ture of the surro~nding cooling mixture ( -79~ 
to lVI, which was at the temperature of the liquid air 
contained in it (-182°0). This process took 
approximately 4 hrs. after whichtthe liquid was quite 
thoroughly degassed at a pressure ·of the order of 
l0-6torr. 

To fill the test cell reservoir R, the liquid air 

was removed from M and the solid shell which had formed 

round the inside of it allowed to liquify, pumping 

meanwhile until the last posSible moment. Tap P 

was closed, the li.quid sample flowed into the vicinity 
of N and from there ran, mainly under the influence of 
gravity, into R, around which a Dewar containing liquid 
air was placed. The small emount of liquid which 
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condensed into 0 was allowed to remain there. The 
cooling mixture was removed from N, liquid air placed 
around 0, and when the liquid had solidified in both.O 
and R, tap P was opened to the diffusion pump once 
more. The tes~ cell system was then sealed off at the 
pressure of the diffusion pump, i.e. approximately 
l0-6torr. 

2.). The test cell f'illing.and flushing system. 

In work on conduction in liquids it is desirable 
to have a circulating system so that the liquid in the 
test cell can be changed, and the electrodes flushed 
between test.s to present a new sample to the electrodes. 
Violent flushing clears the gap of particles which are 
sometim~s attracted to the electrodes during a test 
and will also remove breakdown products if it is 
desired to carry out further measurements after a 
breakdown. 

The present system, which was designed and 
constructed by Morant ( 2), is made entirely of gla.ss 
and metal so that contamination of the sample is 

reduced.to a minimum. In order to ensure a system 
which will maintain the high vacuum necessary in this 

work ( l0-6torr) for peri.ods up to several days, 

conventional taps were hot used. 

The system is shown in Fig.B and it is operated 
as follows. To fill the cell C from the reservoir A 

(A in this diagra~ corresponds to R in Fig.?) a little 
of the cooling mixture mentioned in Sec. 2.2.3. is 
pla.ced in. trap B. Liquid condenses onto the inside 
of B, drips off into C and is prevented from leaving 
by a block of solidified sample whic~ has previously 
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been frozen into the U-bend D by surrounding it with a 

Dewar containing liquid.air. To flush the cell the 

liquid air is. removed from D and the solid b'lock 
all,owed to unfreeze. Because the whole is under 
vacuum, the liquid flows out of the cell with a 
flushing action suffici·a.ntly violent to remove any 
troubleE!ome large particles which might be lodged in 
the gap. 
2.3.1. 'l'he test cell and preparation of the electrodes. 

The test cell was of the demountable type and so 
construct~d that the gap length could be varied while 
the cell was under vacuum. As. me·ntioned in the previous 
sectio.n, it was made entirely of glass and metal in 

order to reduce the possibility of contamination of the 

'liquid. Good insulation was ensured by suspending 
the lower electrode on long glass rods, Fig.g. The 
upper electrode is fixed to a metal spring-bellows and 

movement of this electrode is controlled by a 
micrometer head so t;hat the gap length could be 
adjusted to any value required within± lp. The 

electrodes are shielded from the glass ·walls by a metal 
screen in order to prevent interference with the 
current measurements from static charge which 
accumulates on the glass walls .during distillation. 

The high vacuum seal between the upper demountable 
part of the cell and the lower half is made by means of 
a copper sealing ring tightly clamped between two 
flanges. This ring is grooved on both its upper and 
lower faces so that in effect it has a double sealing 

edge (see the diagram), and in order to reduc.e the leak 
rate of the seal the space between the two edges was 
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pumped down to a :pressure of the order of 10-3torr by 

means of the backing pump. 
This cell was in fact designed by Morant (2) and 

used in his work on spherical electrodes. It was 
later slightly modified in order to align the plane 
electrodes used for part of the :present work. 

To prepare the cell for a test, the cell assembly 
was removed from the lower glass bulb, the lower 
electrode supporting structure unscrewed and the 
electrodes removed for polishing. This Was done 

mechanically using fine diamond paste on microcloths 
which were firmly clamped to flat glass discs. For 

the final surface lp grade diamond paste was used and 
conditions were carefully controlled to exclude 

atmospheric dust as far as possible. 1'he aim was to 

prepare a. surface upon which no scratches could be seen 
when viewed through a 100 x metallurgical microscope. 
However, this was never achieved because a few minute 
scratches were alwa.ys present which could not be 
removed, and were probably caused by minute particles 
from the polishing enclosur~ which settled on the 
polishing cloths. To polish plane electrodes a 
special_ jig, Fig.lO, was constructed to prevent 
rounding of the plane surfaces during polishing. 

After the electrodes were polished they were 
cleaned separately in a Soxhlet extractor, mounted on 

their respective supports and cleaned again in the 
same manner. With plane electrodes it is necessary to 

ensure that they are as accurately parallel as possible 
and this was done as follows. The electrodes were 

assembled, their separation was adjusted to about 

10 microns and a 100 x magnification microscope, with 
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a fine eyepiece graticule, was focussed on the edge of 
the gap. Readings of the gap length were taken on 
the eyepiece graticule at three points on the electrode 
edges spaced 120° apart and by means of the adjusting 
screws (see Fig.9) the electrodes were adjusted until 
the readings on the graticule were the same at all· 
three points. By this method the electrodes could be 
made parallel to one another so ths.t the gap length 
at diametrically opposite points of the gap did not 

differ by more than 2 microns (the effective diameter 
of the electrodes was.about 3 x 103~). 

Before replacing the ~est cell assembly in the 

glass bulb a. jet of hexane was forced through the gap 

in order to remove any large solid particles _which might 
have settled on the electrodes during the adjustment. 
The cond8nser was removed from the Soxhlet extractor 
and the assembled cell inserted in its place upto its 
flange. Hexane condensed on the inside of the cell 
~nd dripped off to give the final cleaning.· After 
the cell had been bolted back in position, the 
apparatus was pumped by means of the diffusion pump 
for a period of between one .andtwo weeks until the 
quantity of vapour remaining in the apparatus, as 
measured with the Pirani gauge, was negligible. 

2.4. Electrical equipment. 

The voltage source was a high stability commercial 
powerpack (Dynatron, Type Nl03) capable of supplying a 

continuously variable voltage from 300 to 3,300V, with 

a maximum low frequency ripple of 150pV peak to peak. 
Current was measured by measuring the voltage drop 
across a resistor placed between the low.voltage 
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electrode and earth, Fibg.ll. :~·or this a. commercial 
vibrating reed electrometer was used (Vibron, Model 33C 
manufactured-by Electronic Inst~~ments Ltd.) in 
conjunction with a bank of measuring resistors ranging 
from 3Xl05 to 1012 ohms. The 109 to 1012ohm resistors 
were included in the Vibron electrometer head (Type 
B33C) and the 33Xl05 to 107 ohm resistors were contained 

in a. screened box and designed to be ... mak~ before break l, 
so that the desired resistor could be selected without 
interrupting the voltage supply. The voltage range 

which the electrometer covered was 10-4 to lV and 

when used with the 1012 and the 3.3Xl05 ohm resistors 
the smallest and largest currents which the electrometer 
could cope with were l0-16 and 3Xl05A respectively. 
For permanent records a pen recorder operated from the 
electrometer was used. 

For examination of fast pulses in the microsenond 
range, a Tektronix oscilloscope (Model 545A) was used. 
'rhis had a maximum sensitivity of 0.005V/cm and a 
bandwidth of 35lVIc/sec. The pulses were fed through the 
·3.3Xl05 ohm measuring resistor and hence into a cathode 

follower for matching into a cable connection to the 
oscilloscope. 

2.5. Standard procedure for the current-voltage 
measurements. 

The standard procedure adopted for the current -
voltage measurements is set out below and this was used 

throughout the project (unless otherwise stated). 
After the cell was filled with liquid the g~p was 

closed until the electrodes just made contact (the 
point of contact was measured with an electronic gap 
setter) and the required gap length obtained by 
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adjustment of the micrometer head. Rea.dings of the 
current were taken after five minutes application of 
the voltage. This was a purely arbitrary time and 

·was chosen simply because the majority of transient 
phenomena which occur when first switching on had 
disappeared by this time, and the interval also 
allowed sufficient time to take miscellaneous 

observations such as particle movement etc.. To 
change the voltage the electrometer controls were set 

to "Set Zero 11 and the powerpack put on "Standby". 

This, in effect, placed a 107ohm resi~tor across the 

gap while the voltage was being changed. The required 
voltage was then selected, the powerpack $witched on 

to the desired polarity and the electrometer controls 
set on the correct range. This procedure took 
approximately 2 sees •• 
2.6. Observation of particles. 

Even though great care was taken to keep the 
inside of the apparatus and cell dust free, a certain 
number of. solid particles were always present in the 
gap. These were most probably dust particles which 
settled on the electrodes from the atmosphere when the 

eel~ was opened for electrode polishing. They were 

extremely small and could only be seen by means of 

scattered light. . The system used to observe them is 

shown in Fig.l2. Light from the lamp A is focussed into 

the gap B through a hole in the metal screen C. 

Light scattered from the particles is observed by 
means of the microscope E, fitted ·with a long focus 
objective, which is mounted so that it is able to move 
in three mutually perpendicular directions; this 
enables the whole of the gap to be scanned. 
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2.7. The viscometer. 

For comparing the viscosity of degassed and air­

saturated hexane, the viscometer shown in Fig.l3 was 
constructed. In this, A, C and :F' are reservoirs, 

and E is a horizontal capillary tube. B and Dare 
narrow necks so that the velocity of flow of liquid 
past these points is comparatively high and enables 
the time taken for the liquid to flow past scratches 
on these necks· to be measured with great accuracy. 

The ·connecting tube G ensures .. that the pressure due 
to the vapour above the surface of the ltquid in A is 
the same a.s that above ;:·.~." the liquid in F. This is 

.made necessary by the fact that the pressure driving 
the liquid through the capillary tube is only of the . . 

order of 2mm Hg so that the difference in vapour 
pressures due to even a small difference of temperatures 
in t"he reservoirs could affect the results. 

Viscosity is very temperature dependent and in 

order to avoid errors which would be caused by a variation 

of temperature the measurements were carried out with 
the viscometer immersed in a constant temperature bath. 

This consisted of a tank containing a large quantity of 

ice and water which was continuously stirred by means 
of a mechanical stirrer. Precise positioning of the 
viscometer for each measurement was ensured by placing 
it in a specially constructed rigid frame. 

To fill the viscometer with degassed liquid it was 
con~ected to a suitable point on the high vacuum side 
of the degassing apparatus by means of the connection J. 

The liquid was degassed using the procedure described 
in· Sees. 2. 2. 3 and 2 .• 2. 4 and then brought into the 
reservoir F by placing a Dewar full of liquid air round 
it. The viscometer was then sealed off at H and removed. 
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3. Experimental results. 

3.1. Introduction. 

The experiments carried out are described in this 
chapter, as far as possible in the order they_were 

carried out. The main aim ofthis project i.e. the 
examination and explanation of the high currents 
obtained, has already been described elsewhere, Sec. 1. 

Observations were made over a fairly wide range of 
conditions and it is necessary to give here a brief 
outline of all the experiments undertaken in order to 
show the connection between the facts presented. 
Before each section a further brief introduction is 
added so that it will not be necessary to refer back 
to a previous section to understand the reason for 
performing each particular experiment. 

It is well known that many of the properties of 
solids, particularly the electrical conductivity of 
semiconductors, are greatly influenced by their 

impurity content. It was therefore thought necessary 
to analyse the liquids used in this project and a high 

resolution chromatography unit was built for this 

purpose. A grade of hexane which is known to have 
been widely used in this country for this type of 

work (Hexane, Special for Spectroscopy, Supplied by 
B.D.H.) was analysed with this apparatus and found 
to be only 80% pure. 

Preliminary work on conduction, breakdown, 
particle movement, etc. was carried out in this liquid 
using spherical electrodes, mainly in order to reproduce 
the results ob~ained by Morant (2) who used the same 
apparatus. These conditions were, of course, far from 
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ideal and a.s soon as sufficient work had been done on 

spherical electrodes,- plane electrodes were substituted. 

This was one step forward in the direction of simplicity. 
As soon as good purity hexane became ,available commer­
cially in this country it was use~ and the results 
became remarkably more reproducible. 

At this stage it was suspected that the high 
currents might be lirllied with the shape of the liquid 
molecules. It was therefore considered necessary to 
carry out tests on liquids with similar chemical 
properties but with widely different molecular 
structures, and for this purpose cyclohexane, 
cyclopentane and 3-methyl pentane were chosen. The 

reason for this particular choice is made clear in 

Sees. 3.7.1., 3.8.1. and 3.10., in which the 
experimental work on these liquids is described, and 
in the discussion which follows, Sec. 5.4.8. 

Viscosity measurements were carried out on degassed 

and air-saturated hexane because it was hoped tha.t 
further information on the part played by absorbed air 
on the quenching of the high currents in hexane could 
be gathered from these measurements. Although 
throughout this project the main aim was to obtain an 
insight into the mechanism of the high currents, 
observations o#the following phenomena. were also made. 

(a) particle movement, (b) stability of the current, 
(c) measurements on microsecond pulses, (d) electrode 
effects, i.e. dependence of the current etc. on the 
electrode material and surface finish and (e) breakdown. 

3.2. Chromatography. 

All the liquids for which results are described iri 
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this chapter have been analysed using the gas 
cpromatography apparatus described in Sees. 2.1.2 

and 2.1.4. ~l'he results of these analyses are given 

below. 

3.2.1.· Hexane (Special for Spectroscopy Grade, Supplied 

'by B.D.H.). 
A chromatogram of this liquid is shown in Fig.l4. 

It can be. seen to· c·onsist of Tt peaks, the le,rgest of 
them, peak 5 being n-hexane, the others being impurities. 
From the ratio of the area beneath the impurity peaks 
to that beneath the hexane peak the ratio of impurity 

present to n-hexane is about 0.25, and the percentage 
of impurity present as a fraction of the whole liquid 
is approximately 20%. This.is an important fact to 
bear in'mind since much of the work published in this 

country a~ having been carried out in n-hexane is 
known to ha.ve been done in thi~ grade of liquid and 

these published results must he viewed in this light. 

1 By comparis.on with a chromatogram of a similar 
liquid made by Hala.sz and Schreyer (4), Fig.l5, a 
guess at the identity of the impurities was made. A 
direct comparison could not be attempted-because their 
colunm was coated with Apiezon grease and the one 
used here was coated with squalane, so that the relative 
retention times of the sta·tionary phases of/the two 

. . 
columns were different. On c.omparing the two 
Chromatograms, :E'igs.l4 and 15, it is seen that the 
impurities in the spectroscopic grade hexane are most 
probably the hexane isomers i.e. 2,2 dimethyl butane, 
2,3 dimethyl butane, 2-methyl pentane and 3-methyl 

pentane. Chromatograms were therefore taken of these 
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liquids and these are shown in Figs.l6,17,18 and 19. 
The large peak in each case corresponds to the liquid 
stated, and the small peaks are impurities. 

When the retention times of these liquids are 
compared with those of the impurity peaks shown in 
Fig.l4, it can be seen that peak 4 corresponds to-
3-methyl pentane, peak 3 can correspond to both 
2,3 methyl butane and 2-methyl pentane and 2,2 methyl 
butane is ·not present at all. These were then 
identified by the standard chromatographic procedure 
of adding a small quantity of the suspected compound 
and seeing if the peak of t·he new compound coincides 

with that of the unknown peak. A small quantity of one 

of the isomers was added to the hexane and a ehromatogram 

taken. This we .. s repeated for all t:Q.e isomers and 
I ~ .. ~ 

their chromatograms are shown inf'i95l.20,21,22 and 23. 
Thus it is seen that-3-methyl pentane coincides with 
peak 4 and both 2-methyl pentane and 2,3 methyl butane 

with peak 3~ 

Fig.20 shows a chromatogram of spectroscopic 
grade hexane with an equal quantity of 2,2 dimethyl 
butane added. This chromatogram has eight peaks and 
reading from left to right the peaks are as follows: 

6 ·'- · :h..:.hexane 

5 
4 

3 

3-methyl pentane 
2-methyl pentane or 2,3 methyl butane 

or both. 

2,2 methyl butane, 

and comparing this with the chromatogram shown in 
Fig.l5, it would seem that peak 2 is n-pentane. 

The same method of testing_ was then carried out for 

pentane as for the isomers and its chromatogram and 
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that of the mixture are. shown in Figs.24 and 25 

respectively. This e·stablishes peak 2 as n-pentane. 
The similarity between the chromatograms shown in 
Figs.l5 and 20 is now seen to be very strong and the 
remaining peaks can with reasonable ce~tainty be 
stated to.be the following:-

1 iso-_pentane 

6 2,4 dimethyl pentane 

7 methyl-cyclopentane. 

A table· is given below of the estimated percentage 

present of each substance in the mixture. 

I so-pentane 

n-pentane 

2 methyl-pentane or 
2,3 methyl butane 
or both 

3 methyl-pentane 

n-hexane 

2,4 dimethyl-pentane 

methylcyclopentane 

0.1% 

1.6% 

3.8~ 

5.1% 

77.0% 

11.7% 

0. 7% 

It must be emphasised that other impurities might be 

present to which the detector is insensitive i.e. those 

which have ionization potentials greater than ll.6eV 

(see Sec. 2.1.4.) so the above analysis gives the 

minimum impurity content. 

3.2.2. Pure hexane. 

The purer grade of hexane used in this work was 

supplied by L. Light and Co. and it is believed that 
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they in turn obtained it from Ph~lips Petroleum Co., 
U.S.A. It is claimed-by the suppliers to be not less 
than 99% pure,. and may b.e as good BE3 i!h_e; best Philips 
n-hexane which is claimed to be 9,~},%pl:ire. 'l'he 
chromatogram taken of this ·liquid is- shown in Fig. 26, 
and hs.s two impurity peaks, 1 and 3. From a comparison 
w:lth the chromatogram of the spectroscopic grade 

hexane, Fig. 14,.these are seen to be 3 methyl-pentane 
and 2,4 dimethyl pentane respectively. The estimated 

percentage of each of these impurities is about-..0 .034~~ 
~ 

so that the·total tmpurity content is approximately 
0.07%. This is roughly ten times more pure than is 

claimed by the suppliers so that in actual fact there 
are probably other impurities which have not been 
detected in the analysis. 

3.2.3. Cyclohexane. 

The cyclohexane used was supplied by Hopkin and 
Willie.ms Ltd., with a spe ci.fied boiling range 95% 

minimum between 79 and 81°C. Its chromatogram is 
shown in Fig. 27. It can be seen to have a double 
impurity·peak 1, besides "the large :pe.ak 2 which 

corresponds to cyclohexane. The exact·nature of the 

impurities is not known since they do not coincide with 
any of the peaks in the chromatogram of spectroscopic 

grade hexane, and a separate analysis ws,s not attempted. 

From the area beneath the peaks the estimated impurity 
content is 0.5%. 

3.2.4. Cyclopentane. 

The .:pye~opentane was obtained from L. Light and Co. 
and was stated to be 95% pure. Its chromatogram is 
shown in Fig. 28. The single impurity shown in the 
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chromatogram has not been positi~ely identified, but 
i . 

by co:Q).pari,son with the chromatogram of the spectroscopic 
grade hexane it appears to be either 2,3-dimethyl 
butane or 2-methyl pentane or a mixture of both. The 

proportion of this impurity is of the order of 0.25% 
i.e. very much less than 5% quoted by the suppliers. 
It is just possible that there are other impuri-ties 
present which cannot be analysed by the chromatography 
apparatus used here. 

3. 3~- Results obtained in spectroscopic grade hexane 
using spherical electrodes. 

3.3.1. Introduction. 

It has already been mentioned in Sec. 3.1. that 
this work is a continuation of -that done by Morant ( 2), 
who used 1 em diameter, chromium-plated, spherical 
electrodes in spectroscopic grade hexane, and a 
certain amount of preliminary work was therefore done 
under these conditions to repeat Morant's work. 
This also served as a useful starting point to compare 

the present results with those of other investigators 

e.g. House (3) and Sletton (1), who used similar 
conditions, and showed quite clearly the enormous 
difference in currents obtained in this project and 

, .. 

that found by other workers. Although the results 
obtained under these conditions were only of a 

preliminary nature they are described in full detail 
since many of the later measurements are similar. 

All the results in the following pages refer to 
liquid sarnples.}Urified and distilled using the 
standard procedure described in Sees. 2.2.3 and 2.2.4. 

and with the standard ~l·ectrode preparation, 
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Sec. 2.3.1., except where otherwise stated. It must 
be emphasized that the results refer to h~ghly 
degassed liquid sealed off in a non-contaminating 

.test cell under high vacuum, and for that reason are 
thought to be more characterist.ic of the pure state 
than previously published work. 

3.3.2. The current-voltage characteristic and 
·. reproducibility of the results. 

Fig. 29 shows the g~neral dependence of the 

current on the applied voltage. This merely shows a 
typical set of results because, as it will be soon 

made clear, the ~eproducibility was extremely poor 
. and the scatter was too grec.1.t to be certain about the 
intrinsic conductivity of the liquid at any point of 
the characteristic. In all the current-voltage 
graphs in this work the current has been plotted 
against field strength assuming this to be E = V/d 
where V is the applied voltage and d is the gap length. 
Unless otherwise stated, the points refer to the value 
of the current five mi.nutes. after the application of 
the voltage as described in Sec. 2.5. 

In spectroscopic grade hexane the (I,V) 
characteristic can be divided into what appears to be 
two distinct regions, (1). a region in which the currep.t 
lies between l0-14 and ~o-10A, and (2) a region in 

which the current is of the order of 10-? to l0-6A, 

with only occasional points lying in between these two 
regions. For ease of reference these two regions will 

be referred to as the low current and the high current. 

regions respectively. 

In the low current region even though increasing 
the vol ta.ge did not always produce an increase in 
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current, there was nevertheless a relationship between 
voltage and current, see Figs. 29 and 30. However, 
in the high current region, except ·for the fact that 
the current was in this region, there appe·ared to be no 
relationship between the current and the voltage; this 
is particularly evident in Figs.i9 and 31. 

The transition from the low to the high current 
region was discontinuous and could take place either 
suddenly or over a period of several seconds, even 
though the voltage was kept constant. The field 

strength at which this transition occured varied from 

test to test but was never lower than about 350kV/cm. 
When a high current was established·its value was not 

always constant but could vary by as much as 2 or 3 
orders of magnitude, staying at each level for as much 
as several minutes at a time. 

The order of repro~ucibility of the results can be 
seen from Fig. 30. Two sets of results for two 
typical series are shown·, these particular sets 
having been chosen because of the wide divergence of 
current values in the low current region. For the sake 
of clarity individual points have not been drawn on the 
curves in the low current region. 

In the low current region the current did not vary 
by more than a factor of 10 in a particular series of 

tests. However, between different series the range 

of variation could be as large as 3 orders of magnitude. 

From the tests carried out with plane electrodes, 

where a.record was kept of the number of tests which 
were done on liquid from a :particular bottle, it 
seems that the variation is due to the difference 
between the liquids in the different bottles, (see 
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Sec. 3.4.3. for fuller details). On the other hand 
the maximum value of the high currents is in the 
region of 10-7 to l0-6A irrespective of the difference 

in the low current values. In spite of the reprodu­
cibility of the maximum value of the high currents, ~he 
intermediate values of current in this region wer:e not 
reproducible and there were several occasions on which 
there were no high currents at all even though they 
were present in other tests on the same sample. 

3.3.3. Dependence of the current-voltage characteristic 
on the age of the liquid 

The current - voltage characteristic might be 
expected to depend on the age of the l~quid i.e. the 
time after sealing it off in the testing system. 
There could be several possible reasons for this. 
One could be variation of the electrode surfaces 

• caused either by oxidation or by contamination by 
impurities from the liquid. Another possibility is 
a change in the liquid itself caused by its exposure 
to light while it is in the transparent testing 

system. Even though this is unlikely in the hexane 
.itself, the exact nature of the impurities is unknown 

and these might well be susceptible to damage from 
visible .radiation. Damage to the chemical structure 

of the liquid by the high field is also a possibility 

which cannot be ruled out, although such a change 
could not be detected in the present cell because of 

the minute fraction of the liquid which is exposed to 
the field during a test. 

It can be seen from Fig. 29 that there is no 
correlation between the· .age of the liquid and the 
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characteristic i.e. the values of the iow and high 
currents, the field strength at which the high currents 
commence and the smoothness of the curves in both the 
high and low current ranges. This is an important 
result because it took several days to carry out each 
series of tests, and any change due to the age of ·the 

liquid would have affected the interpretation of the 
results. This also demonstrat~s that the testing 
system is capa.ble of maintaining a good vacuum for a 

considerable period of time since the presence of air 

would have resulted in the disa.ppearance of the high 
currents (see Sec. 3.5.). 

In spite of this, a series of tests was never 
prolonged beyond se·veral days after the di~tillation 
because there was no absolute check of the vacuum in 
the test cell once it had been disconnected from the 
main system. 

3.3.4." Dependence of the characteristic on gap length. 

Although there is some controversy as to whether 
or not there is a dependence of the characteristic on 
gap length, ( 3) , ( 7), ( 9), the·re has never been any 

evidence to suggest such a dependence at the field · 
strengths used in this in·vestigation i.e. up to about 

500kV/cm. However, the present series of tests is 

unique in the attainme.nt of prolonged high currents 

and it was considered important to see if a relationship 
could be observed between these high currents and the 
length of the gap. In particular, if the high 
currents are due to heating effects in the bulk of 

the liquid it would be expected tha.t high currents 
would be e,stablished at lower field strengths when a 
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greater gap length is used, since with a longer gap a 
la!ger quantity of heat is genera.ted at a given field 
strength and current. This follows immediately from 

the simple relationship W = VI = Edi where W is the 

power dissipated in the gap, V is the applied voltage, 

I is the current, E is the field strength and d is the 

gap length. 
~ 

In Fig. 31 results are shown for a single sample 
of liquid for gap lengths of 40~, 50~ and 60p. The 
lower limit of the gap length was set by solid 

particles. It was found that with a gap length of 
less than about 40)1, solid particles would often 
bridge the gap, and, although they did not cause a 
breakdown, the current became high and erratic (see 
Sec. 3.11.5.) and were obviously not a measure of any 
intrinsic property of the liquid. In fact, even if the 
particle did not bridge the gap but was large enough 
to be comparable·with the gap length, the mea.sureme_nts 

were considered suspect. The upper limit was simply 

set by the maximum voltage output of the voltage 
supply, which was 3,300V. 

As can be seen from Fig. 31 there is no noticeable 
change in any part of the chara.cteristic. In 
particular, the field strength at which the transition 
from low to high current takes place shows no 
dependence on gap length. With the 50p gap the high 
currents are about one 
those of the 40p gap, 
current region for the 
those for the 40p gap. 

order of magnitude lower tha.n 
while the currents in the high 
60p gap are a little higher than 

These conclusions are well 
borne ·out by other tests and the results shown in 
Fig.31 are typical. 
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3.3.5. Effect of prestressing the gap. 

Prestressing the gap with a steady voltage is 
known to alter the breakdown strength of liquid 

dielectrics (8). With regard to conduction House (3) 
used prestressing to obtain reproducible results at 
very high fields. In fact he found that he could not 
proceed beyond a field st~ength of approximately 
200kV /em without a breakdown occuring if the liqui·d 
had not been previously stressed. It is quite 
possible that the applied stress itself changes the 
liquid in some way and any measurements taken after 
such prestressing are thus open to question. 

However, they have b~en included here because they 
may help to throw light on the basic processes of 
conduction. 

Fig. 32, curve 1 shows the usual characteristic 

obtained from a sample which had not been previously 

stressed and with the cell freshly filled from the 
reservoir. Curve 2 was obta-ined by prestressing 

the gap at a field strength of 400kV/cm for approx­
imately 30 mins. before the commencement of the test. 
The measurements were then taken in the normal manner, 
starting at 60kV/cm and increasing the voltage at 
regular 5 minute intervals up to 480kV/cm. There is 
a striking difference in the continuity of the two 
curves. Curve 1 follows the usual irregular and 
discontinuous pattern found with the unstressed 
liquid whereas curve 2 is regular and continuous. 
Insufficient readings were taken over the part shown 
~roken in curve 2 for it to be drawn with certainty, 
although the curve has been drawn as shown on the 
strength of the results obtained under identical 



conditions with plane electrodes (see Sec. 3.6.3.). 

The high currents may appear at a somewhat lower 
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field strength in the stressed liquid but this may not 

be significant in view of the poor reproducibility. 
It is interesting to note that the point on curve 2 
at 480kV/cm still lies on the curve even though the 
liquid was only prestressed at 400kV/cm. However, 
there is insufficient evidence to show whether this 
is a reproducible result or not. 

The curves shown in Fig. 33 were produced by a 
slightly different type of prestressing. Curve 1 in 
this figure was obtained in the usual manner without 
any prestressing. For curve 2, the liquid was not 
removed from the cell after the previous test but the 
gap was increased from 40u to 60u and approxtma.tely 

15 minutes later a second test was carried out. The 
prestressing in this case was in fact the voltage 
applied during the previous. test. It is seen that 

curve 2 in Fig. 33 closely follows that for the 
stressed liquid in Fig. 32, particularly in the high 

current region. . Since the results shown in Figs. 32 
and 33 were obtained from two different series of 
tests the fact that they differ in magnitude in the 
low current region is not significant (see Sec. 3.3.2). 

A third type of pre-stressing is shown in Fig. 34. 
In this the current - voltage curve was first taken 
in the forward direction in the normal manner, and 
still using the same liquid in the cell, values of 
current for a series of reducing voltage steps were 
recorded. The curve is again smooth for the stressed 

liquid with a possible discontinuity at 200kV/cm. 

However this curve does not seem to be typical in view 
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of the fairly large number of curves later obtained in 

this manner with plane electrodes (see Sec .3~4.6.). 
Since this procedure was only carried out once with 
spherical electrodes it is difficult to estimate what 
Weight is to be ascribed to this particular set of 
results. 

Comparing the results obtained by prestressing the 
liquid it seems that the effect of prestressing is 
associated with the liquid rather than with the 
electrodes. If it were an electrode effect it might 

be expected that it would still be present when the 
cell is refilled from the reservoir, since merely 
running the liquid out of the cell is unlikely to 
affect the structure of the electrodes. In Fig. 31 
even though for each test other than the first the 
).iquid had been prestressed by the application of 

voltage during theprevious test (in fact the process 

used to produce the results in Fig. 33 in which a 
marked effect was produced by prestressing) no effect 
of this prestressing was observed. 

It might be inferred from the results obtained by 
prestressing the gap and then increasing its length, 
that the effects of prestressing are localised at the 
electrodes, for otherwise the extra liquid flowing into 
the gap when it is increased would destroy any 
prestressing effect in the bulk of the liquid. 
However, this would only be true if the liquid 
redistributes itself as shown in Fig. 35A. What 
might well happen is that the liquid redistributes 
itself a.s shown in Fig. 35B, so that as far a.s the 
high field region of the gap is concerned the majority 
of the liquid present has in fact been prestressed. 
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It is obvious that much work could be done on the 
effects of prestressing but this line of research was 
not pursued here for the reasons mentioned above. 

3.3.6. The effect of settling time on the current -
voltage characteristic 

When the liquid was allowed to settle in the cell 
for a period of an hour or two between filling and 
first applying the voltage, a considere.ble improvement 
in the continuity of the (I,V) characteristic in the 
low current region was obtained, compared with that 
for the non-settled liquid. When the liquid was not 

allowed to settle, the current -voltage curve often 

appeared to be discontinuous, even in the low current 
region as in Figs. 29 and 31, an increase in voltage 
often producing a decrease in current. The explanation 

of this apparantly paradoxical phenomenon is as follows. 

When the voltage applied to the cell was changed the 
current was not constant but decreased with time as 
shown in Figs. 36A and 36B. The rate of fall of 
curr·ent progressively diminished, and after about five 
minutes the current - time curve was almost, but not 
quite, parallel with the time axis. In the non­
settled liquid, after the usual five ~inute application 
of the lower voltage the current was still decreasing, 
and even though initially an increase of voltage did 

produce an increase of current, after a further period 
of five minutes the decay of current with time was 
suffj_cient to produce a net decrease when measured at 
that time. 

The effects of allowing the liq~id to settle are 

shown in Fig. 37. These curves were obtained -by 

carrying out tests alternately on non-settled and 
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settled liquid in order to be certain that the 
differences were due to the effect of settling and not 

to any other cause e.g. a leak in the system. The 
improvement produced in the continuity of the (I,V) 
characteristic in the low current region by allowing 
the liquid to s~ttle is immediately apparent. There 
was, however, no improvement whatsoever in the high 

current region. 
An improvement we..s also found in the stability of 

the current when plotted against time when the liquid 

was allowed to settle. Figs. 36A and 36B show 

typical current - time curves for the settled and 

non-settled liquid respectively, and it can be seen 

that even though both curves show a decrea.se of current 

with time, the decrease in curve l is smooth whereas 
that of curve 2 is non-uniform and consists of a 
series of waves. 

It appears that the above phenomena are probably 

due to electrical charge generated in the liquid by 
mechanical means when the cell is filled from the 
reservoir by distillation. Thus, in the non-settled 
liquid there is often-a fairl;y high density of 
electrical charge and this appears as a very high 

current, which decays rap*dly when the voltage is 
first applied. Q~ite often this decay of the current 

caused by recombination of charge masks the increase 

caused by the increased voltage and the net ~esult is 

a decrease in current, even though the voltage is 
increased. 
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3.4. Plane electrodes in spectroscopic grade hexane. 

3.4.1. Introduction. 

As soon as the prel.iminary tests with spherical 

electrodes in spectroscopic grade hexane were completed, 

the electrodes were replaced with a pair of plane 

geometry. These have the advantage that, in the 

absence of space charge, the field in the gap is 
known. Further more, any difference in the results 

d·UE! to al taring the gap length is· a true gap length 

effect and not a product of the redistribution of the 
electric field as it will be with spherical electrodes. 

The plane electrodes used were made of stainless 
steel rod approximately 6mm in dj_ameter, the actual 

electrode faces being only 3nun in diameter, An 

accurate Rogowski profile was not used al thou.gh the 
electrodes were shaped so that the transition from the 
plane part of the electrodes was gradual, Fig. 38. 
It was assumed that in this way the edge effects were 

reduced to a factor below the reproducibility of the 

experiment. 
Where no difference could be seen between the 

results with spherical and plane electrodes the 

experiments are only briefly mentioned. Nevertheless, 

more weight can be given to these results because a 

greater amount of work was done using plane electrodes 

than with spheres and more experience had been gained 

in the techniques involved. Where the results differed, 
or a new type of experiment was tried, greater detail 
has been given. 
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3.4.2. The (I,V) characteristic. 

The general picture of the (f,V) characteristic is 

similar to that obtained with spherical electrodes, 
except for one or two small differences. Several 
typical curve·s JB.re:shown_·in Fig. 39. They are less 

scattered in the-low current region than the curves 
shown for spherical electrodes in Fig. 29, but a true 
comparison ce.nnot be made between these two curves as 
the present ones were obtained by allowing the liquid 
to settle in the cell after filling. An important 
difference is that occasionally a smooth continuous 
curve was obtained as in curve 1 without any kind of 
prestressing; 
electrodes. 

a result never achieved with spherical 
A further point is that the field 

strength at which the high currents :first appeared was 
approximately 200 - 250kV/cm, which is approximately 
lOOkV /em lower than with spherical electrodes. ~rhe 

characteristic was not taken beyond the region of· 

400kV/cm because of the low breakdown strength found 
with planes. 

The fact that the results with plane electrodes 

were little different from those with spheres is 

somewhat surprising. It might have been expected 
that currents approximately 10 times greater would be 
obtained with the plane electrodes since their area 
was roughly that amount greater than effective high 
field area of lcm diameter spheres and a 50u gap 
(see Appendix A). Although a difference of this 
magnitude could not be detected in the low current 
region due 'to the lack of reproducibility between the 
different series of tests, it might have just been 



detectable in a variation of the maximum current in 

which there was much better reproducibility. 

3.4.3. Reproducibility of the results. 

40. 

The reproducibility of the results using planes 

wc:ts the same as that obtained using spherical electrodes. 
However, with the plane electrodes a record was kept 

of the number of tests carried out using liquid from 
the same bottle, and a considerable difference was 
found in the low current part of the (I,V) character­

istic between liq_uids from different bottles. (The 
spectroscopic grade liquid was bought in 500cc bottles 
and this was sufficient for about five series of tests). 

Fig. 40 shows .typical results of 4 different 
series of 1ie sts. li'or two of' these, the· liquid came 

from one bottle, e.nd liquid from a second bottle was 

used for the other two. As can be seen, the average 

current in the low current region differs by almost 

2 orders of magnitude between the tests done on the 

different batches, whereas the variation in the 

average low currents between the different series of 

tests done with the same liquid batch is no greater 
than in any one given series of tests. 1'his shows 

that the main variation in the low currents between 

different series of tests is probably due to the 
slight differences in co.mposition of the liquids. 

As can be seen from the graph, there was no 
variation in the high currents when different liquid 
samples were used. 

3.4.4. Dependence of the (I,V) characteristic on the 
age of the liquid. 

No change was noticed when the liquid had been in 
the testing system for several days, and this confirms 
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the results obtained with spherical electrodes. 
This was of course to be expected since the geometry 

of the electrodes would be unlikely to have any effect 
. . 

in this connection, but, as it was pointed out in 

Sec. 3.4.1., more weight can be attached to the 
results obtained with plane electrodes and the lack 

of depende.nce on age found here has been briefly 
mentioned for this reason. 

gap length. 

Fig. 41 shows curves obtained in the same series 
of tests, one with a gap_ width of 50p and the other of 
75p.. As can be seen, there is little differen_ce 
between the two curves, the low and high currents, 
and the field strength at which the high currents first 

appeared, being approximately the same. 

3.4.6. The effect of prestressing on the (I,V) characteristic 

It has already been mentioned iri connection with 
the work on spherical electrodes, that a characteristic 
ob·tained by means of prestressing was not considered to 
be an intrinsic property of the 'liquid and the effects 
of prestressing were therefore not thoroughly invest­
igated. The only type of prestressing carried out 
with plane electrodes was to take the characteristic 
with reducing voltage steps after a test had already 
been carried out on the same filling of the cell in the 
usual manner. ~,ig. 42 shows two such tests and, as 
w~th the spherical electrodes, a continuous curve was 
obtained w_hen the measurements were taken for decreasing 

voltages. 
Fig. 43 shows two further (I,V) characteristics, 
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one taken for increasing and the other ~or decreasing 

voltages. The liquid was not allowed to settle on 
this occasion and the curves are discontinuous. 
There wer.e no high currents in the test for increasing 
voltages, and it is worth noting that there were also 
no high currents in the test taken for decreasing 
vol tage_s. It is possible to infer from this that a 
smooth continuous curve can be obtained with 
prestressing only when the original prestressing 

produced high currents. 

3.4.7. The effect of settling time on the (I,V) 
characteristic. 

Although the improvement in the continuity of the 
(I,V) characteristic in the low current region 
obtained by allowing the liquid to settle in the cel·l 

was quite marked, it was not as great as that found for 

spherical electrodes under similar conditions. 
Fig. 44 shows the (I,V) characteristics produced by 
allowing the liquid to settle for periods varying 
between 30 and 150 mins. A curve for the non-
settled liquid is also shown for comparison. It can 
be seen that the curves for the settled liquid in the 
low current region are smoother than that for the non­
settled liquid, although at some point in each of the 
curves the characteristic is negative, i.e. an increase 
of voltage produces a decrease of current. However, 
the liquid which had been settled for 150 minutes 
showed the greatest improvement and it would therefore 

seem that if the liquid were allowed to settle for a 
sufficient length of time, a smooth curY;e would be 

obtained, even with plane. electrodes. The longer time 
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required with plane electrodes is probably due to the 
charge taking longer to diffuse out of the gap in 

this case, (see Sec. 3.3.6.). 

3.4.8. Polarity reversal tests with one electrode 
roughened. 

Several theories of conduction and breakdown 
have been proposed based upon field intensification 
at asperities on the electrode surfaces. Watson and 
Sharbaugh (47) have proposed that breakdown in 

dielectric liquids under pulse conditions is initiated 

by bubbles of vapour formed at asperities on the 

electrode surfaces because of the high energy density 

at these points. If the high currents are in fact 

also produced by this mechanism a dependence of current 

on the quality of the finish of the electrode surfaces 

might be expected. A serilles of tests was therefore 

carried out in which one electrode was polished wit~ 
diamond paste of 6p grain size and the other with 
paste of lp grade. The finish on the rough electrode 
was such that its surface appeared to the naked eye 
to be uniformly covered with scratches, whereas the 
well polished electrode had the usual optical finish, 
and was virtually scratch free even when viewed under 

a metalurgical microscope using lOOx magnifi.cation. - . 
The results for several reversals of polarity of 

the test voltage are shown in Fig. 45. Within the 

limits of reproducibility of the measurements no 

change could be observed upon reversing the polarity. 

In particular the highest current obtained was of the 
order of 10-7 - l0-6A and the first appearance of high 

current was at a field strength of approximately 

250kV/cm, both of these values being normal. Prior 
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to this series of tests several polarity reversal 

tests had been carried out with identical surface 
finish on both electrodes and no polarity effect was 

found. These polarity tests are not plotted here as 
they were practically identical to the results found 
in the high purity hexane as shown in J!'ig. 48. The 

reversal tests with identical electrodes rule out 
any possibility that the electrode effects might have 

been influenced by the cell itself. 

The results with roughened electrodes are, 

however, not entirely conclusive, since asperities 

capable of producing the necessary degree of field 

intensification are probably smaller than those that 

can be seen with a microscope, even with under a 

magnification of lOOX. Furthermore, with the 

polishing technique used, even the most highly 
polished electrodes contained several small scratches 

which could not be removed, and these on their own 
might have been sufficient to cause the high currents. 

Although no relationship was fqund between the 
finish on the electrode surfaces and the electrical­
measurements, in all further tests the electrodes 

were polished to the best finish possible in order 
to standardise the conditions under which the tests 

were carried out. 

3.5. Air-saturated spectroscopic grade hexane. 

Although it was assumed from the work done by 

Sletten (1), in which he found a strong dependence of 

the conduction current on the air content of the 

liquid, that the high currents were due to thelrefined 
degassing technique used, it was still thought 

nece-ssary to establish this beyond any shadow of doubt 
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and a few tests were therefore carried out in air­
saturated hexane. To do this, after several tests had 

been performed in liquid which had been degassed in the 
usual manner, the flange connecting the electrodes and 

their supporting structure to the glass bulb, Fig. 9, 
was loosened just sufficiently for air to be able to 

seep slowly past the seal. In this way air was 

admitted to the system with the minimum of dust 

particles. Later the bolts were completely loosened 

off and the liquid allowed to stand for s~veral days s·o 

tha.t it be came completely air-saturated. 

A comparison is made in Fig. 46 between air­

saturated and degassed liquid. The curve ha.s only 

been plotted for fields upto 550kV/cm. At higher 
fields the current was highly unstable and because of 
this its value could not be estimated with sufficient 

accuracy to be included in the curve. No attempt was 
made to reduce this inst.abili ty since the prime interest 

in this work was in the intrinsic conduction of the 
liquid and absorbed air wa.s considered to be an 
impurity. In general, however, upto about lMV/cm the 
current was of the order of 10-9A with bursts of current 

as large as l0-6A. Comparing the pattern of the 

stability with that in. degassed hexane, (see Sec. 3.12.1) 

it appeared that if the liquid could maintain a 

sufficiently high field there would in fact be high 

currents in air-saturated hexane also. 
The breakdown strength of air-saturated hexane was 

about lMV/cm and this is in agreement with values 

quoted elsewhere (1). 



3.6. Plane electrodes in high purity hexane. 

3.6.1. Introduction. 

46. 

Towards the end of the project high purity hexane 

became available; the analysis of this liquid is 
discussed in Sec. 3.2.2. This liquid was used in 
conjunction with the plane electrodes and constituted 

a second major step towards the simplification of the 

test conditions (see Sec. 3.1.). On using this 
liquid the superior reproducibility of the (I,V) 
characteristic was immediately apparent, and it then 

became necessary to repe.at as many of the previous 
tests as possible in order to search for effects which 
could not be seen previously due to lack of 
reproducibility. 
3.6.2. The (I,V) characteristic and the reproducibility 

of the results. 

Figs. 47 and 48 show the (I, V) chara.cteristics 
taken in two different series of tests, the liquid for 

each being taken from a different bottle. Vfuen these 
curves are compared with those obtained for spectros­

copic grB.de liquid the improvement in their smoothness 
and continuity is at once apparent, although the same 

general features are shown. In this case, however, the 
transition from the low to the high current is not 
sudden as in the impure liquid. Although transitions 
from one current level to another did occur without any 
change in the applied voltage, they were very infrequent 
and the difference in the two levels was only about one 
order of magnitude compared with steps of upto 3 orders 
of magnitude which occured quite frequently in the 
spectroscopic grade liquid. 
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Fig. 47 shows perfect reproducibility in the low 

current region but this is not repeated in Fig. 48, 

the results of which were obtained from a different 

bottle, as mentioned previously. The value of the 

low currents is in the region of lo-13A with a spread 

between the two different series of tests of only one 

order of magnitude compared with a spread of 3 orders 
in the spectroscopic grade hexane. This reproducibility 

was repeated in tests on liquid from 8. third bottle in 

which electrodes of different materials were used, 

Sec. 3. 6. 4. 
It is worth noting that the general shape of 

curve is repeated in all 10 sets of results shown in 

F:-igs. 47 and 48, and that high currents were always 

obtained. This contrasts sharply with results for the 
impure liquid in which identical test conditions were 

used, (see Sees. 3.2.2. and 3.4.3.). The maximum 
current was again in the region of 10-7 and l0- 6A~ 
(In :B'ig. 47 the level is nearer 10-7 A because the field 

stre:ngth was not increased beyond 350kV /em ) . 

A confirmation was accidentally obtained that the 

improvement in the reproducibility was due to the 

different grade of the liquid and not, perhaps, to 

some other factor unwittingly introduced in the 
preparation of the cell and electrodes. When a third 
test was attempted it was found that the results were 

not reproducible and that the (I,V) characteristic 
showed the typical discontinuity of the spectroscopic 
grade liquid. A chromatogram was taken of this liquid 
and its composition was indeed found to be very similar 

to that of the spectroscopic gre.de liquid. It was 
later confirmed by the suppliers that the wrong grade 
of liquid had been suppli-ed in this b.ottle. 
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3.6.3. Effect of the electrode material, age of the 
liquid, the gap width and prestressing on the 

(I,V) characteristic. 

IJ.'he effect of changing the electrode material has 

already been investigated previously (see Sec. 3.10 ) 
with virt-ually negative results. It was nevertheless 

though~ worthwhile to try such a test in this project 

because of the good working conditions i.e. highly 
degassed liquid, plane electrodes and good purity 
liquid. For this test gold was chosen as the new 

electrode material because it is a non-oxidizable 
material and it was thought that the stainless steel 
electrodes, with their unavoidable oxide layer, 
might possibly be acting as a blocking electrode and 
thus limit the maximum value of the· current. Further, 
examination of the (I,V) characteristic, in which it 

appears to approach a plateau in the high current 
region, suggested that the high currents might be 

saturation currents i.e. unlimited by space charge. 

A difference in cathode emission due to· different 
cathode surfaces would therefore show itself as a 

difference in the maximum value of the high currents. 

Fig. 49 s.hows the results for three tests with 
the gold and stainless steel electrodes. The first 
test we..s with the gold electrode as the anode, the 
second with this electrode as the cathode, and the 
third a check test with the gold electrode again as 

the anode. It can be seen from these curves that 
there is no significant difference in the (I,V) 
characteristic on reversing the polarity. Also when 
these results are compared with those obtained with 
stainless steel electrodes, they are identical within 
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the limj_ts of reproducibility i.e. both the low·Emd 

high currents are the same and the knee in the 

characteristi.c_ occurs at roughly the same field 5tren-3th.· 
:. -~ ~-.. .• ··. . .- . .' ,. As with the spectroscopic grade hexane, 

no change could. be seen when the a.ge of the liquid 

increased or when the gap width was altered, thus 
confirming the previous results. 

When the (I,V) characteristic was taken by 

reducing the vol ta.ge in e. prestressed liquid (the 
liquid in the cell was not changed in this test so 
that in effect the prest~es~ing was the voltage 

applied during the previous test) a slight difference 
in shape was obtained. The knee at about 

150-250kV/cm present in the non-stressed curves was 

absent. In fact, the shape of the curve for the 

prestressed liquid was very similar to that obtained 

in spectroscopic grade liquid. 

3.7. Cyclohexane. 

3.7.1. Introduction. 

It was suspected that the magnitude of the hj_gh 

currents might be influenced by the molecular structure 
of the liq_u.id. It was therefore considered necessary 
to obtain the current-voltage characteristic with a 

liquid having virtually identical chemical properties 
to those of hexanP. yet with a greatly different 
inolecular structure; the natural choice was cyclohexane. 

The structures of hexane and cyclohexane molecules 

are shown in Figs. 50A and 50B respectively. The 
difference between cyclohexane and hexane :is that in 

the former the two hydrogen atoms which are/at the end 
of the carbon chain in the hexane molec.ule are missing 
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and the two free bonds are joined end to end to form 

the cyclohexane ring. Thus, a..s in the hexane molecule, 

there are no vacant bonds and it has the same property 

of being chemically rather inert. 

The measurements taken in cyclohexane are, 
however, of doubtful validity for three. reasons. 

Firstly, its freezing point is g0 c so that the spiral 
and filter of the inlet of the apparatus (Fig. 7, Band A) 
could not be cooled sufficiently to freeze out water, 
and thus, any moisture which might have been present in 
the liquid could not be removed. Secondly, when the 
final dj_stillation was done, this being at liquid air 

temperature, the liquid froze solid. It then passed 
from 1 to M, Fig. 7, in the form of solid flakes. 

There was the possibility that dissolved air was 

included in the flakes and it wa.s\not certain that the 

liquid was thoroughly degassed. JJastly, it we.s la.ter 

found that thepowerpack was faulty in these tests and, 

although the points shown in the graphs in F'ig. 51 were 

late~ confirmed by spot checks, the result~ are still 
open to question. 

The results for cyclohexane are nevertheless 
briefly mentioned here as they might in fact be 
perfe.ctly valid, and may be confirmed if better degassing 
techniques produce the se..m.e results. 

3.7.2. The (I,V) characteristic of cyclohexane. 

The (I,V) characteristic of cyclohexane is shown 
in Fig. 51. (For the chromatographic analysis of this 
liquid see Sec. 3.2.3.) The most marked feature is 
that no high currents were found. The current varied 
smoothly from around l0-12A at 50kV/cm to about 10-9A 

at 300kV/cm. The shape of the curve is very similar 
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to that for air-saturated spectroscopic grade hexane 

shown in Fig. 46. The curves are noticeably 

reproducible, the spread in the value of any one 
measurement l?eing less than one order of magnj_tude. 

3.8. Cyclopentane. 

3.8.1. Introduction. 

Because of the doubt mentioned in Sec. 3.7.1. 
about the validity of the results obtained in 
cyclohexane it became necesse.ry to repeat the 
experiment 1n a liquid which could be properly 

degassed in the existing apparatus. Cyclopentane 

has a. molecular construction very similar to that of 

cyclohexane, the difference being that it has five 

carbon atoms in its ring instef:ld of the six in 

cyclohexane. Both of these molecules are stable (11). 

The chromatographic analysis of the liquid used is 

given in Sec. ).2.4. When the liquid was distilled 
in the degassing apparatus a thick oilj substance 

separa.ted out and this tended to confirm the comments 
·made in that section on the purity of the liquid. 

3.8.2. The (I,V) characteristic of cyclopentane. 

Fig. 52 shows typical (I,V) characteristics 
obtained in cyclopentane with the same stainless steel 
plane electrodes used in the previous tests. It can 
be seen that the curves are smoother than those 

obtained for spectroscopic grade hexane under identical 

conditions but less continuous than in the 99% pure 

hexane. However, the high-field currents are lower 
than those found in hexane by a factor of 10, being in 

the range of 10-8 to l0-7A compared with 10-7 to l0-6A 

found in hexane. 
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3.9. The (I,V) characteristic of air-saturated 
cyclopentane. 

52. 

T~e (I,V) characteristic of air-saturated 
cyclopentane is shown in Fig. 52 and this can be 
compared with the other curves which were tal{en in the 
degassed liquid. 'rhe method o:f allowing the liquid 

to become air-saturated was the same as that used to 
air-saturate::'hexane (see Sec. 3.5.) J.i'rom the tests 

-:' 

in a.ir-saturated hexane it appeared possible that if 

the liquid- could support a high enough field without 

breaking down, it would show high currents similar to 

those found in the degassed liquid. Because the 

high currents appeared at a lower field strength in 

cyclopentane than in hexane, it was thought possible 

that the expected h:Lgh currents mentioned above, ' 
might _be found at pre-breakdown field strengths in 
cyclopentane. 

The curve has only been plotted upto 400kV/cm. 
After that the current suddenly moved into the high 
current region. The exact value of the current was 
not known at these points be cause the tb.re e lowest 
value measuring resistors (see Fig. 11) were later 

found to be disconnected, and the lowest value of 
resistl::l.nce still in the circuit was 109ohms. It could 

only be stated with certainty that at field strengths 

above 400kV /em the current wc.•.s in excess of 10-9 A. 

However, a check was later made at field strengths 

above 400kV/cm and the current was found to be in the 

region of 2 to 3xl0-7A. 
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3.10. 3-methyl pentane. 

It has been shown in Sec. 3. 6. 2. that the laclc of 
reproduci-bility of the high currents in the spectroscopic 
grade hexane was an inherent property of that liquid and 

not due to a fault in the experimental technique. 
It was therefore decided to test one of the known 

impurities in spectroscopic grade hexane to see if high 

currents could. also be obtained in it. !i'or this test 

3-methyl pentane was chosen (see Sec. 3.2.5. for the 

chromatographic analysis of this liquid) because its 

boiling point is closer to that of hexane than any of 

the other impurities, and it was thought to be the 

most likely to have an influence on the high currents. 
A fuller-explanation of why this impurity was chosen 

is given in Sec. 5.4.8. 

The (I,V) characteristic obtained for this 
liquid using the identical conditions used in the 
previous tests is shown in Fig. 53. The most 
important feature of this test is that although there 
was no significant difference in the low current of 

the (I,V) characteristic in this liquid, the high 
currents were approximately 1 order of magnitude 

higher than in hexane and about 2 orders of magnitude 
higher than in cyclopentane. 
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3.11. Particles. 

Although a gre<:J .. t amount of precaution was talcen in 

the design of the distillation apparatus to p!l!'event 

solid particles from reaching the test cell, a certain 
number were e.lways seen adhering to the electrodes, 

ancl w·ere most probably minute dust particles from the 

atmosphere, which settled on the electrodes when the 

cell was opened for electrode polishing. They were 

too sme.ll to be seen by d'irect illumination and because 

of this, their size could not be ~stimated easily. 
However, when viewed by means of scattered light they 

appeared as small bright specks against a darker 

background and in this way their beh~.viour could be 
observed. 

3.11.1. Particle movement with spherical electrodes. 

On first applying the voltage the particles 

aligned themselves in the direction of the electric 

field, andlremained in that position as long as the 
field was maintained. Movement did not occur until 

the fi·e.ld strength was in the region of 150kV /em and 

could then take a number of forms. At times the 

particle would remain on one electrode for a period 

of seconds or more, and then suddenly appear on the 

other electrode, the particle not being visible 

during its very rapid movement. A little later it 

would reappear on the first electrode and the process 
would repeat itself. At other times the particle 

would oscillate rapidly between the electrodes, the 
oscillations being so fast the movement could only be 

detected by the scintillation of the particle. 
Although there were always several particles 
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visible in the gap, movement was ~lways confined to 
only one or two at a time. There could in fact be 
several particles very close to each other and only 

one of these would move. On the other hand, two 
particles close together were often seen to move but 

in different modes. Thus, one could move quite 
slowly while the other could perform the rapid 
oscillations mentioned above. 

There were occasions when the particles remained 
firmly attached to the electrodes through a whole test 
even though in the previous test in the same series 
there had been very active particle movement. When 
particle movement did ta~e place, it was never seen 
at field strengths below about 150kV/cm and only 
rare.ly above 350kV /em. 

3.11.2. Dependence of particle movement on electrode 
geometry. 

The general behaviour of the particle movement 

with plane electrodes was exactly as described above 

for spherical electrodes with only one difference. 
With spherical electrodes particle movement was never 

observed at very high fields, whereas with plane 
electrodes once movement had started it continued 
throughout the whole test, even upto fields just below 
breakdown. The onset of particle movement was at 

approximately 150kV/cm as with spherical electrodes. 

3.11.3. Dependence on liquid. 

No change in the particle behaviour was noticed 
on changing the test liquid frmn hexane to any of the 

other liquids used, provided t~ese were degassed. 
There was, however, some indication of increased 
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particle activity when air-saturated hexane and 

cyclopentane were used, although this might have been 

due to the addition of extra particles when the cell 
was opened to admit air. 

3.11.4. Dependence of the current, stability and 
pulses on particles. 

No relationship whatsoever was found between 
particle activity and the value of the c~rrent. 
Similarly, there was no connection between the stability 
of the current and particle movement. On one occasion 
there was, however, an exception to this. The current 
was in the region of lo-14A and there was some 
indication that peaks of the order of 10-l3A, super­

imposed on the steady current level, ~ould be associated 
with the movement of a particle. 

It could not be ascertained if particle movement 

had any effect on the fast pulses described in 

Sec. 3. 13. as the microscope and the oscilloscope 

could not be observed at the same time. Thus, an 
individual pulse could not be associated with the 
transfer of a particle from one electrode to another. 
It would hawever seem, from the fact that no difference 
in the general pattern of the pulse behaviour was 
observed between times when there was much particle 
activity and times when particle movement was absent, 
that the two are unrelated. 

3.11.5. Particles and breakdown. 

Occasionally either a large particle or a series 
of particles would bridge the gap, but as far as could 

be ascertained, they had no influence on the breakdovm 
strength of the degassed liquid, even though they 
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caused high currents at f'ield strengths as low as 

lOOkV/cm. In air-saturated spectroscopic grade 

hexane, in one of the two breakdown tests carried 
out, a particle bridged .the gap and. this resulted in 
a breakdown strength of 800kV/cm ·compared with 
llVlV/cm for the particle free test. However, in view 
of the large spread in the results of the breakdown 
values in the degassed liquid, conclusive evidence 
cannot be drawn from only two observations. 

The work done here on particles confirms the 
general conclusions arrived at by Sletten(l) who 
worked in degassed, spectroscopic grade hexane using 

spherical electrodes, and later work by lVlorant (2) who 

used conditions similar to those of Sletten but 

considerably refined the degassing technique. 

3.12. Stability of the current level. 

3.12.1. Introduction. 

The current in the liquid measured at a given 

voltage was often highly unstable. This instability 
could be roughly classified into three types. 
(1) A fairly slow variation in the current level which 

extended over a period of several minutes. 
(2) Small upward kicks, or peaks, of several seconds 

duration superimposed on the steady component. 

(3) Peaks,~.or upward kicks, similar to those in 

category (2) but very much larger and often at 
least ·two erders of magnitude greater than the 

steady component of curFent. 

These three types ~f instability, which e.re shown 

sketched in Figs. 54A, 54B and 540 could appear either 

together or separately, but that shown in Fig. 54A was 
usually only seen at fairly low fields. 
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All the types of instability were completely random 
in the sense that the peaks, or waves, did not repeat 
themselves in any sort of cycle. A marked feature of 
the instability was that the peaks were always in an 
upwards di~ection and gave the appearance of being 
additional bursts of current superimposed on the 
steady component. Thus, in spite of quite considerable 
instability, the steady value of the current cou-ld be 
estimated with reasonable accuracy. 

3.12.2. Depende.nce of the instability on field streng~. 

At the lower end of the(I,V) characteristic the 
current usually appeared to be smooth on the scale 
used. There was however a tendency for the long time 

variations of the type shown in Fig. 54A to occur, 
especially when the liquid was not allowed to settle in 

the cell after filling it. The field strength upto 

which the current remained smooth showed some dependence 

on electrode geometry. Thus, with plane electrodes the 
current was smooth upto approximately 250kV/cm whereas 
with spheres, smooth current was only obtained at 
150kV/cm and below. 

The instability first showed itself as upward 
kicks superimposed on the steady component of current 
a.s shown in Fig. 54B. At the lower field strengths 
these kicks were usually few in number and separated 

from each other by periods as large as several minutes. 
As the field was increased further, the separation 
between. the peaks became increasingly smE:tller, until 

at the field strength just below which the high 

currents occured, they were so close together that the 
current became too unstable to determine the stee.dy 

component with any degree of accuracy. The field 



strength e.t which this high instabilj.ty occured 

was higher with the spherical electrodes than with 
the planes, corresponding to the higher field for 
the onset of high currents with these electrodes. 
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3 .12·. 3. Dependence of the instability on the purity 
of the liquid. 

With the spectroscopic grade hexane there were 
many tests in which high currents were not present, and 
in these, although the instability as a. whole followed 
the general pattern described above, the very high 

instability found at field strengths just before the 
start of the high currents was absent. Except in the 
high current region, no change in the general pattern 

of the instability was ob.served when changing from 
the spectroscopic grade of liquid to the pure liquid, 
even though the continuity of the (I,V) characteristic 
was considerably improved. The high currents were 
almost invariably unsteady in the spectroscopic grade 
hexane, having the genere.l appearance shown in Fig. 54D. 
Thus in this grade of liquid, besides the sudden 
transitions from the high to ·the low current levels 

described in Sec. 3.3.2., the current varied slowlf 
between levels which differed by a factor of tv.o 
or more, with the occasional occurence of large peaks. 

In contrast, the high currents in thepure hexane 
were usually steady. Large peaks were absent and the 

general appearance of the high currents in this grade 
of liquid was that shown in :E'ig. 54E. It is worth 
noting that except for the large peaks which occured in 

the spectroscopic grade hexane, the instability in 
the high current region did not have the appearance of 
being superimposed on the steady component of current 



but gave the impression that there was no steady 

component of' current at all. 

3.12.4. Dependence of the instability on the 
current level. 
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Although the actual. form of the instability 
depended on the field, its magnitude was directly 
linked with the magnitude of the steady component of 

current-. 'l'hus, in the low current region where the 

magnitude of the current could vary by a.s much as 

3 orders from one series of tests to another, the 

magnitude of the instability varied accordingly. 

Similarly, when the current changed abruptly from one 

level to another as described in Sec. 3.3.2., the 

instability changed by the same order of magnitude. 
On the whole, the value. of the steady current 

. . 
was. much greB.ter than the instability, the ratio 

between the two being about 10 - 1 in the low current 
region. In the high current reg;i..on this ratio was 
even greater, particularly in the pure liquid. 
However, the exception to this was at the field 

strength just before the onset of high currents where 

the instability was actually greater than the steady 
component of current, as already mentioned in Sec.3.12.2. 

3.12. 5. Dependence of the i.nstabili ty on varioucs parameters 

3.12.5.1. Age of the liquid. 

No dependence of the gene~al pattern of the 

instability on the time after which the liquid was 

degassed was found. 

3.12.5.2. Gap length. 

Similarly, no change was found on. changing the gap 

length from a minimum of 40)1 to a maximum of lOOp.. 



3.12. 5. 3. .Prestressing the liquid. 

Prestressing t~e liquid had no effect on either 
the general ·pattern of the instability or on its 

magnitude, even though it did have the effect of 
improving the continuity of the (I,V) characteristic 

in spectroscopic grade hexane. 

3~12.5.4. Hydrostatic pressure. 

When the pressure above the liquid was changed 

from the vapour pressure of hexane to atmospheric 

pressure (see Sec. 3.16.1.) the pattern of the 

instability was again unaffected. 

3.12.5.5. Settling the liquid. 

Settling the liquid had the effect of reducing 

the type of instability shown in Fig. 54A which was 
often found in the low field region i.e. upto about 
150kV/cm. This effect was more pronounced with 
spherical electrodes and corresponds to the effect 

settling had on the {I,V) characteristic (see 
Sec. 3.4.7.). It is therefore thought tha.t the 
type of instability found in the low current region 

is clue to the redistribution of static·charge and 

that settling simply allows it to neutraliie (see 

also the remarks in Sec. 3.3.6.). 

3.12. 5. 6. Electrode ma.terial and surfe.ce finish. 

Changing either the catho.de or the anode from 

stainless steel to gold or varying the surface finish 
had no effect on the instability. 

3.12. 5. 7. Length of.._~=:E_plj_cati~...£.~ the ~-pl~?:-~~1-~age. 

· There was no tendency for the instabiJ.i ty to either 



increase or decrease with the length of time for 
which the field was applied, even when this was for 

several hours. 

3.12.6. Stabil].tv of the current :Ln air-saturated 
=----~-- IL,. ____ "lie xane:---

62. 

When spectroscopic grade hexane w;:-1,s allowed to 

become air-saturated the current w8,s extremely steady 

and free.from instability at field strengths below 

350kV/cm, even though in the degassed liquid the 
current w.g,s always unstable at fields well below this 

value. At higher :fields the current started to 

bec.ome unstable, until, at approximately 600kV /em, the 
current was so unstable tb.at a reliable estimate of 
its value was difficult. The current was then in 
the region of 10-9A with peaks as large as l0-6A 

superimposed. The form of the instability at these 
fields was in fact very similar to that in the 
degassed liquid just bef'0re the onset of high current. 

3.12. 7. Stability <2f the ·curre_nt in __ cyclohexane. 

As mentioned in Sec. 3.7.1. these results are 

of doubtful validity. However, the currents obtained 

in this liquid were comparatively smooth. It is 

worth f\Oting that no high currents were obtained in 
this test. 

3.12.8. Stability_ of the current in cyclonentane. 

The dependence of the instability on field 

strength, current etc. was exactly the same as in 
hexane. except that j_ t commenced at field stren~ths 

of about 100-150kV/cm compared to 150-200kV/cm in 
hexane. This corresponds to the difference in field 



strengths at which high ·currents first ap·pe1.:1.red in 

these liq_uids. 

3.12. 9. _Stab_!_li:ty- of the current in air-saturated 
cyclopentane. 
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In air-saturated cyclopentane the current was 

stable u.pto 200kV /em. Above this field. strength a 
small degree of insta.bili ty was pre sent at first, and 

increased rapidly as a field strength of 400kV/cm was 

approached. At 500kV/cm high currents were obtained. 

3.12.10. Stability of the current in 3-methyl pentane. 

The general pattern of the instability in 

3-methyl pentane followed that of the instability in 
hexane and cyclopentane with one marked difference. 
In thj.s case instability was present even at the 

lowest fields used i.e. 60kV/cm. It is worth noting 
that this liquid also showed the highest maximum 

current. 

3.13. Pulses. 

3.13 .1. Introduction. 

In addition to the slow instability of the 

current described in Sec. 3.12. fast current pulses 

were also observed. These were measured by passing the 

current through a 3.;.3xl0 5ohm resistor and feeding the 

voltage developed into an oscilloscope via a cathode 

follower. By this means the form of the current could 
be observed at the s::une time as its average value, and 

depending on the field strength, pulses of varying 

lengths and magnitudes were seen. A straightforward 

account of these pulses is given below, a more 
. . 

detailed analysis of the information contained in their 
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shape is given in the discussion, Sec. 5.4.4. 

3.13.2. Dependence of the pulses o~ the current and 
voltage. 

The lowest d.c. current at which pulses were seen 
-8 was of the order of 10 A, the pulses at.that level of 

current being of such magnitude that they could just 

be detected. (The maximum sensitivity of the 
o·scilloscope was 0 .005V /em so that the smallest pulse 
which could be seen was roughly 1/lOth of this i.e. 

0.0005V. When used in conjunction with a 3.3x105 ohm 

resistor, and providl:ng the pulse is long compared 
with the time constant of the circuit, (see Appendix B) 
so that the maximum hr:!ight of tl'J.e pulse can be reached, 
this corresponds to a current of the order of l0-9A. ). 
On one occasion when a preamplifier was used with a 
gain of 100, pulses were observedwhen the current was 
as low as 10-9-.A. In general the height of the 

pulses increased with increasing d.c. current until at 
the maximum current values, 10-7 - l0-6a, single 
pulses were observed of ·the order of 5xlo- 3v, this 
corresponds to an instantane·ous current of approximately·· 

1.5xl0-BA (I= V/R = 5xl0-3/3.3xl05 = 1.5xl0-8A). 

At the lower field strengths, approximately 
200kV/cm with plane electrodes, the pulses usually 
occured singly. The shape of the single pulses at a 
given field strength varied fro:¢ the small and short 
pulses shown 
pulses shown 
pulse length 

in 
in 
to 

Fig. 55A to the flat topped long 
Fig. 55B, depending on the ratio of the 
the time constant of the circuit, 

As the field strength was increased 
the frequency of the pulses increased until each pulse 

see Appendix B. 
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ap1)eared as several pulses ·superimposed, and at 

approximately 300-350kV/cm the individual pulses were 
so close together that no clear pattern could be seen 

in their shape. 'rhey then appeared as shown in 

Fig. 55C. 

3.13.3. Pulse length and field strength. 

It was found that when the field strength was 

increased it was often riecessary to increase the 
length of sweep of the oscilloscope trace from 

20psecs/cm to 50;.:tsecs/cm, in order to obtai·:n the 
whole length of the pulse in the width of the screen. 
Two series of photographs of the pulses were taken, 
one at 200kV/cm and the other at 300kV/cm, in order 
to conftrm this observation. An exact statistical 

analysis of the pulses could not be made because not 

all of them could be measured. Some were as s})own 
in Fig. 55C and others were longer than the maximum 

pulse length measureable on the oscilloscope with the 

time scale used. A histogram of the lengths of all 

the pulses which could be measured was drawn and this 

showed a slight tendency for the pulses to be longer 

e.t the higher field strength. This histogram has 

not been reproduced here because it is not strictly 

valid since all the pulsesphotographed could not be 

measured. 

J.l3.4. Pulse length and mobility. 

If the pulses are due to a layer of charge 

crossing the gap from one electrode to the other, 
and the pulse length is the time of transit, then 

the mobility can be calculated from the expression 

u = d/txE where u = mobility, d = the gap length and 
E is. the electric field strength, which is assumed 



constant. However, the resul't of this calculation 
for the mobility is too lo.w when compared with the 
results found experimentally by other workers, see 
Sec •. 4. 2. For example with d = 75u a.nd E = 300kV /em, 
it was sometimes found that t was greater than 

500usecs. 
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:. u < 75xlo-4 /5xlo-4 • 3xl05 i.e.< 2. 5xl0-4cm2v·~l t-1sec -l. 

This is approximately a factor of 5 smaller than 

the accepted value of mobility in hexane. 

3.13.5. Pulse length and gap width. 

An attempt wa.s made to see if there wa.s any 
relationship between the length of the pulses and the 
gap width but no conclusions could be drawn from the 
comparatively small number of results taken. 

3.13.6. Pulses and instability. 

The pulse activity was found to depend on the 
curren,t and voltage only and to be independent of the 
stability of the current. Thus, pulses were seen 
even when the instability of the current was less 
than the minimum observable on the measuring range 

used at the time. Conversely, high insta.bili ty did 
not produce pulses if the current level wa.s too low. 

However, as mentioned above, the fact that pulses 

could not be seen did not rule- out the possibility of 

their presence, since there could have been pulses 
smaller tpan the limit of the sensitivity of the 
oscilloscope. 
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3.13.7. Pulses and particle movement. 

Whether or not the arrival of an individual 

particle at an electrode gave rise to a pulse could 
not be ascertained, because the microscope with which 
the gap was viewed, and the oscilloscope screen, could 
not be viewed simultaneously. 'l'here was, however; no 
change in the pulse behaviour between times when the 
particle movement was extremely active and times whe·n 
there was no particle movement at a.ll. 

3.13_&. Pulses and the electrode material and the 
surface finish. 

Here again, no variation i'n thepulse activity was 
observed when either the cathode or anode was changed 
from stainless steel to gold. Similarly, ·no change 

was found when the electrode surface finish was 
changed from the normal optical finish to the relatively 

rough surface produced by the 6p. grade of diamond 
polish. However, if_the pulses are in fact influenced 
by emission from asperities, these might well be of 
atomic dimensions, so that their effect would be 
indepe~dent of the degree of p.olish obtainable by 
conventional means. 

3.13.9. Pulse·s and the purity of the liquid. 

No change was observed in the pulse activity when 
the liquid was changed from spectroscopic grade hexane 
to the pure hexane. 

3.14. Breakdown. 

3.14 .1 •. Introduction. 

This project was primarily concerned with 

conduction and once a breakdown had occured in the gap 



the initial conditions were considered to have 

changed and the series of tests was concluded. A 
number of breakdown measurements was nevertheless 
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taken and it was considered whorthwhile to record the 
results obtained here because of the unique conditions 
under which these tests were carried out i.e. the high 
degree of degassing and the attainment of high currents. 
The results are given in table 1, the values quoted 
being those for the first breakdown which occured with 
a fresh pair of electrodes. (In this work breakdown 
was considered to have taken place when a flash of 
visible light occured between the electrodes.) 
Subsequent breakdowns usually occured at a slightly 
higher value of field strength. However, the first 

breakdown changes the conditions prevailing in the 
gap and only the value of field strength at which the 

first breakdown occurs can reasonably be considered to 
be the intrinsic breakdown strength of the gap. It 
should be noted that the spread in the results is 
quite considerable and the average values of the 

breakdown strengths of the different liquids listed 
in the·table are based on too few results to be 
accurate. They are nevertheless sufficiently 
reliable to give·a reasonable idea of the sort of value 

I 

to expect under the conditions stated. 

3.14.2. Brea~down strength and elect!ode geometry. 

From the table it can be seen that the breakdovm 
of spectroscopic grade hexane fell from an average of 
570kV/cm when using lcm diameter chromium plated 
spheres at a spacing of 50)1, to an average of 410kV /em 
when 3mm diameter stainless steel plane electrodes with 
the same spacing was used. 



Lj.quid Electrodes Test No. B.D. Strength Average 

Spectroscopic Spherj_cal 1 480kV/cm 
grade hexane lcm dia., 

(degassed) · c hr omi um 2 640kV /em 570kV/cm 

3 - . 600kV/cm 

Plane, 3mm 1 350kV /em 
dia., 
stainless 2 500kV /em 410kV/cm 
steel 

3 350kV /em 

4 500kV /em .. .. .. . ···-· 

Both 6u 
polish 5 350kV/cm 

Cathode 6u 
polish 6 400kV/cm 

Air-saturated Plane 1 lMV/cm 
~.pectroscopic 

.. particte grade hexane 
bridging 2 840kV/cm 
gap 

99% pure 1 525kV/cm 
hexane Plane 430kV /em 
(degassed) 2 330kV /em 

Cyclohexane Plane 1 400kV /em 
(degasse-d) 

Cyclopentane Plane 1 460-kV /em 
(degassed) 

r.rable 1. 

Electric strengths of the liquids used in this work. 



This could be due to a combination of the following 

three causes. 

(1) Geometry dependence of the intrinsiq electric 
strength. 

( 2) ·n_ependence on the electrode material: the 
spherical electrodes were chromium plated 

whereas the plane electrodes were stainless 

steel. 

(3) Difference of areas. (The ratio of the 

effective areas of the planes to the spheres 

was about 10 - 1. ) 
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No attempt was made to distin@lish between these three 

possible effects. 

3.14. 3. Bre~:tkdown strength and liquid composition. 

No appa.rent difference was found between the . 
breakdown strength of spectroscopic grade hexane and the 
pure liquid. Similarly no difference was observed 
when the liquid was changed from hexane to cyclohexane 

or cyclopents.ne. '.rhis result is rather important 

since the boiling point of cyclohexane is appro:ximately 
80°C while that of cycl·opentane is only 49.5°c, a 

difference of 30. 5°C. On the theory of thermeJi.' 

mechanism of breakdown it would certainly be expected 

tha.t the liquid with the ligher boiling point would have 

a. ·correspondingly higher breakdown strength. 

3.14. 4. Air-sa.tura.ted liquid. 

The value found for the breakdown strength of 
air-saturated spectroscopic grade hexs.ne using plane 

electrodes was lMV/cm. This is in agreement with ·the 

value quoted by previous investigators ( 1)~ (3.) , and 
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serves as a comparison to show the remarke.ble change 

in the electric strength when the liquid is dege.ssed. 
Although a conduction test was d-one in air-saturated 
cyclopentane, a brealcdown measurement w.s,s not taken 

because it was not known at the time if air-saturated 

cyclopentane was an explosive mixture or not. However, 

although the field was not brought up to the expected 

breakdown value, it was increased to a value far in 

excess of that which caus-ed breakdown in the degassed 

liquid without breakdown occuring. It could be thus 
stated with certainty that dissolved air increased the 

electric strength of cyclopentane. 

3.14. 5. The effect of 12E_~-brep.kdo~m current on breakdown. 

Although the current just before brt~akdown in the 
degassed spectroscbpic grade hexane often differed by 
as much e.s 5 orders of magnitude, no difference was 

noticed in the breakdown strength. ~rhus the breakdown 
strength obtained at the end of a series of tests in 

which high cu,rrents always occured was no different from 

that found in tests where there was no high current at 

all. Similarly the electric strength of cyclohexane, 

in which there v1ere no high currents, was virtu-ally 

the same as that of pure hexane in which high currents 

were always present. This, of course, does not 

exclude the possibility that the instantaneous current 

before breakdown was in fact in the high current regj.on, 
or even higher. 

3.14.6. De:E_~l'ldef!.Ce on the degree of polish of the 
eTectrOCfe~surfaces. -· 

Two different types of test were carried out to 
find the e~fect of the degree of polish on.the electric 



strength of the gap. In one,_ both electrodes were 
finished with 6p diamond paste instead of the usual 
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lu grade, and in the other test, one electrode was 
finished with the 6}1 grade polish while the other was 
given the usual highly polished, scratch free surface, 
using the lp grade compound. In each case the breakdown 
strength was approximately the same as in tests where 
both electrodes were highly polished. 

3.14.7. Particles and breakdown. 

Although high erratic currents were noticed in. 

highly degassed hexane when solid particles bridged the 
gap, no effect on the breakdown strength was·ever 

observed. With air-saturated hexane two breakdown 
measurements -were talcen, in one of which particle.s 

bridged the gap. The particle free gap had a 
breakdown strength of lMV/cm whereas for the other, 
the value was 840kV/cm. Thus, though particles had 
n-o effect on the electric strength of degasseQ, hexane, 
they might have influenced that of the air-saturat~d 
liquid. 

).14.8. Damage to the electrodes. 

Damage to the anode took the form of one or two 
comparatively large and deep pits which took a 
considerable amount of polishing to remove. That to 
the cathode consisted of many small, shallow pits, 

scattered over a wide area and were easily polished 
out. Examination of the electrode damage gave the 

impression that a large piece of metal had been torn 

off the anode during breakdown, broken up into 
fragments as it crossed the gap, and the large number 

of pits in the cathode marked the spot where these 
fragments had impinged upon it. 
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3.15. Viscosity tests. 

3.15.1. Introduction. 

·As mentioned previously in Sec. 3.1., an explanation 
of the high currents based on the molecular construction 
and configuration was suspected. It is well known 
(see Sec. 5.3.) that the vis.cosity of a liquid is 
also depe=ndent on the molecular construction and 
configuration, and it was thought that a viscosity 
test might give further insight into the basic 
processes involved in conduction. A viscometer was 
censtructed as described in Sec. 2.1. to t.e.st for a 
difference in the viscosity of degassed and air­
saturated hexane. ·This wa.s attached to a sui table 
part of the high vacuun1 side of the degassing apparatus, 
Fig. 7, filled with degassed hexane and sealed off 
under high vacuum. 

All the measureme-nts were taken with the viscometer· 
immersed in a mixture ef melting ice and water which 
was stirred mechanically throughout the experiment. 
The stability of the temperature was such that no 
movement was observed in a mercury thermometer 
graduated in l/10°C. 

To measure the viscosity of air-saturated hexane 
the seal on the vi.scometer was broken, the contents 
emptied out, and liquid from the same bottle from which 
the degassed liquid was obtained was poured in. Although 
it was intended to use pure hexane in this te.st, it 
was subsequently found upon chromatographic analysis 
that the bottle had been wrongly lab le-d by the suppliers, 
and the liquid was in fact almost identical to the 
spectroscopic grade hexane·. The liquid used in this 
test is therefere referred to here as spectroscopic grade 

hexane. 



3.15.2. Results. 

The results of lO.measurements, 5 each in the 
degassed and air-saturated liquids, are shown in 
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table 2. Two of the measurements in the air-saturated 
liquid have been marked with an asterisk because they 
are not strictly valid for the following reason. 
With air-saturated liquid it took several minutes to . . 
refill bulbs A and· B from bulb C, Fig. 13, because of 
air locks. The viscometer had.therefore to be 
immersed in·the constant temperature bath for a 
period of approximately 20 minutes be.fore the commence-, 
ment of the actual test to allow it to reach equilibrium 
with its surroundings. However, iri these two measure­
ments only a short period of immersion was allowed 
before the start of the test so that the te,mperature 
of the liquid in the viscometer was slightly higher than 
that in the bath. This is borne out by the fact 
that the times of flow were smaller in this two tests, 
and this agrees with the temperature dependence of 
viscosity shown in Fig. 56. 

The average time re·corded for the degassed liquid 
to flow between the two marks shown in Fig. 13 is 
10 mins. 29 sees., with 6 sees. spread in the results. 
The average time found for the air-saturated liquid to 
pass between the sa.me.two marks is 10 mine. 19.1 sec·s. 
if the two doubtful results are not included, and 
19 mine. 18.6 sees. if they are. The spread in 
results if the doubtful results are ignored is only 
0.2 sees., the accuracy with which the stopwatch could 
be read, and even if all the results are taken into 
account the spread is only 2 sees. The difference in 
the absolute value of the comparative viscosities of 



Liquid Test No. Time· of flow in se•cs. 

Degassed 1 621.8 
spe.ct·roscopic 2 626.0 grade 
hexane 3 619.8 

4 621.0 

5 615.8 

Air- 6 619.2 
satur.a.ted 7 619.0 spectroscopic 
grade 8 618.4. 
hexane 9 617. 6* 

10 619.0 

Table 2. 
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the two_liquids might not be significant in view of 
the spread in results of the degassed liquid but the 
difference in the spread of the two sets of results 
certainly seems to be significant. The dependence 
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of the reproducibility on the air content is remarkably 
similar to that obtained in the conduction tests, where 
reproducibility could not be obtained in the degassed 
liquid but was good in the air-saturated liquid. 

The only possible external cause of the variation 
observed in the degassed liquid could be a change in 
viscosity due to a change of the temperature in the 
_surroundings of the viscameter. From Fig. 56, the 
rate of change of viscosity of hexane with temperature. 
at 0°C is approxi~ately 1.06~. The variation in the 
temperature of the bath was less than l/10°C so that 
the maximum change in the viscosity of t~e liquid due 
to temperature fluctuations could not have been 
~reater than approximately 0.1% i.e. a factor af 10 
smaller than that observed in the degassed liquid. 
The spread in the results must therefore have been due 
to some process taking place in the liquid itself. The 
possible reasons for the difference in the re-sults 
obtained in the air-saturated and degassed liquids, and 
the bearing these measure-ments have on electrical 
conductivity is discussed in Sec. 5.4.7. 

3.16. Miscellaneous tests and observations. 

3.16.1. Pressure dependence of the high currents. 

All the tests, except those in which air-saturated 
liquid was used, were conducted under vacuum, so that 
the hydrostatic pressure in the liquid was that due to 
the head of liquid in the cell (approximately 4cm of hexane) 
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plus the vapour pressure of hexane at room temperature 
(approximately 100 torr). It is known that many of 
the results quoted in the literature refer to work done 
at atmospheric pressure, and it was therefore thought 
desire~ble to show that the high currents obtained in 
the present work were not the result_of working at 
.a:.o.y~l~ pre s sure . 

. For this test a springham. greaseless tap with a 
"Viton_A" insert· was placed at point Q, Fig. 7, instead 
of the usual sealing-off restriction, and after the 
·test cell system had been filled with degassed liquid, 
the tap was closed with the gas pressure in the system 
be.ing at l0-6torr. Se·veral tests were first carried 
out in the usual manner and then dry nitrogen was 
admitted in the following way. (Nitrogen was chosen 
because it is known to have no effect on the electrical 
conduction and breakdown of hexane (1) ). 

A cylinder of oxygen free nitrogen was conne·cted 
to the inlet of ·the degassing apparatus, Fig. 7, and 
the spiral and filter A and B cooled by means of a 
mixture of solid carbon dioxide and methylated spirit. 
Tap C was opened and nitrogen admitted until the 
previously evac~ated system was brought up to atmospheric 
pressure, any moisture present in the gas being frozen 
out in the spiral and filter. Tap C was closed, the 
system evacuated and a further charge of nitrogen 
admitted. This procedure was repeated several times 
in order to ensure that all traces of air were removed 
from the tubing connecting the cylinder to the degassing 
apparatus. The tap at Q was then opened and dry 
nitrogen at atmospheric pressure admitted to the testing 
system. 



Measurements were made immediately atmospheric 
pressure had been established over the liquid, and 

we.r-e 
steady high currents~found at the same field strength 
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as in the previous tests at reduced pressure. The 
magnitude of the current also appeared to be uncha.nged, 
so c.onfirm:ing that the high curre.nts were not ca.used 
by working at reduced pressure. 

3.16.2. Time dependence of the high currents. 

In the spectroscopic grade hexane the high currents 
-

were not constant with time but could vary by as much as 
several orders of magnitude over a period of minutes. 
The change was sometimes extremely rapid and at other 
times quite gradual as mentioned in Sec. 3.3.2. 
However, there was no tendency for the average current 
to vary, even over periods of an hour or more. In 
pure hexane the variation was considerably less than in 
the spectroscopic grade liquid, and the current was 
often constant for periods of 30 mine. or more. 

3.16.). Discharge currents. 

Zaky ( 12) found that when the applied volta,ge was 
removed, a discharge current of similar magn!htude as 
the forward current, flowed in the reverse direction. 
In this work no detectable discharge curaren·t was ever 
obtained, either in the low or high current region, and 
confirms the work carried o~t by Morant (2) in the 
prese.nt cell, using spherical electrodes and spectroscopic 
grade liquid. It must be pointed out that in this work 
the electrodes were surrounded by an earthed screen 
whe·reas in Zaky' s cell no screening was used. It is 
therefore probable that the discharge currents found by 
Zaky were the effects of static charge on the glass walls 
of the test cell. 



)..16.4. Ellimination of spurious discharages as a 
cause of high currents. 
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Because of the high voltages used ( up to 3,300V) 
it is nece\ssary to show that the high currents were not 
caused by spurious corona discharges from the cell 
itself. This was ruled out by the followin·g 
measurements. 

(1) When the hexane was air-saturated no high currents 
were obtained even when the maximum voltage of the 
powerpack was· used. It is therefore certain 
that corona discharges were no·t generating the 
high currents. 

(2) Upon reversing the polarity of the electrodes the 
(I,V) characteristic was unchanged (see Sec.).6.3.) 
Had the high current.s been due t.o corona discharges 
a different characteristic might have been 
expected. 

(3) The characteristic did not change when the gap· 
length was increased from 50 to lOOp. Again, 
if discharge·s were the cause of the high currents 
they would have occured at the same applied 
voltage with the lOOp gap i.e. at half the field 
strength. 
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3.17. Summary of the experimental results. 

A summary of the results obtained in thiqproject is 
given below in order to give an overall view of the work 
carried out. These are the most important results and 
will be used in the discussion which follows. 
(1) Chromatography. All the liquids used in this 
project have been enalysed chromatographically and in 
particular, the spectroscopic grade hexane, which is 
known to have been extensively used in the past, and 
which has often been referred to as n-hexane, was found 
to be only approximately 80% pure, the impurities 
being isomers of hexane and other hydrocarbons. 
Important differences were found between this impure 
hexane and 99~ pure hexane. 
(2) The (I,V} characteristic. The general form of the 
(I,V) characteristic in pure hexane was as follows. At 
low field strengths i.e. 60 - 150kV/cm, the current was 
in the region of.l0-l3- lo-12A. At about 150kV/cm 

the characteristic curved sharply upwards until at about 
300kV/cm it flattened off at a current value between 
10-7 and l0-6A. It was ··found, in agreement with the 
work done by Morant (2) using spheres, that with 
spectroscopic grade hexane the current in the high 
current region was extremely erratic and would change 
by as much as three orders of magnitude for no apparent 
reason. 'l'here were also occasions when it was impossible 
to obtain high currents in this liquid even though they 
appeared in other tests on the same liquid ·sample. 
This erratic behaviour has been established here as an 
inherent property of the impure liquid. 



( 3) Dependence of the high current·s on time and 
hydrostatic pressure. There was no tendency for the 
high currents to change with time at a. given val tage. 
Similarly no change was noticed when the hydrostatic 
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·pressure was changed from the vapour pressure of hexane 
at room temperature, to atmospheric pressure. 
(4) Prestressing. Prestressing the gap with a high 
voltage re.sulted in a smooth current voltage-curve, 
even when spectroscopic grade hexane was used. This 
prestressing appears to be a liquid rather than an 
electrode effect. 

(5) Electrode geometry. There was no noticeable 
difference between the results obtained with plane and 
spherical electrodes, except for the single fact that 
the high currents were obtained at a somewhat lower· 
field strength with the f.ormer. 

( 6) Ele.ctrode surface. No variation in any of the 
electrical properties of the gap was noticed when the 
~urface of either or both of the electrode·s was changed 
from the·usual optical finish to a comparatively rough 
state. Similarly there was no change on reversing 
the polarity when electrodes of gold and stainles=s 
steel were used. 

(7) Current decay. In agreement with earlier work by 
Morant (2), there was no flow of current in the reverse 
direction of the type found by Zaky (12) when the 
voltage source was replaced with, what was in effect, 
a short circuit. Also,· the current decay when the 
voltage was first applied was only approximately one 
order of magnitude, and this was further reduced when 
the liquid was allowed to settle in the cell after it 



was filled. The smallness of the current decay is 
undoubtedly due to the e.lectrostatic shielding of the 
screen. 

(8) Instability. At approximately lOOkV/cm the 
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current started to become unstable. This instability 
took the form of apparently random fluctuations 
superimpof?ed on the steady current, and these were often .. 
at least two orders of magnitude greater than the 
steady component of the current. The instability was 
most marked just before the onset of a high current. 
It was independent of the age of the liquid, the gap 
length, the length of time the VC:>ltage was applied, the 
electrode material or surface finish and hydrostatic 
pressure. 
was found. 

{9) Pulses. 

However, some dependence on the liquid used 

In the high curre.nt region pulses of 
microsecond duration were observed, their shape and 
length being determined by the applied vol.tage. There 
appeared to be no relationship between these pulses 
and the instability mentioned above or the particle 
movement. 

(lO)·Particles. Particles were always visible in the 
gap, in spite of the most stringent pre·cautions to 
exclude them. At about lOOkV/cm they started to 
oscillate between the electrodes but had no apparent 
effect on any of the properties of the gap. However, 
on one occasion, when the curre.nt was in the region of 
l0-14 A, there seemed to be some relationship between. 
the low level C:>f instability present, and particle 
movement. Occasionally particles would attract each 
other and thus bridge the gap, and although they caused 



high erratic currents, there was no apparent lowering 
of the breakdown strength in degassed liquid. 

81. 

(11) Air-saturated hexane. When spectroscopic grade 
hexane was allowed to become saturated with air the 
current remained in the low current region even at 
field strengths where the degassed liquid would have 
normally broken down. At about 600kV /em the current 
became highly unstable and the form of the current, as 
shown by the pen recorder, was then very similar to 

' that in the degassed liquid just before the onset of 
high current. With air-saturated cyclopentane high 
currents were in fact obtained at very high fields. 

(12) Results obtained in different liquids. Changing 
the liquid from hexane to one of the other hydrocarbons 
used produced the following results. 

a.) There was a marked depende-nce of the maximum 
value of the current on the liquid used. 

b.) The field strength at which the high current-s 
first appeared was different. 

c.) A small change. in the pattern of the 
instability was also found. 

(13) Breakdown strength. The breakdown strength of the 
degassed liquid was in the region of 450kV/cm when 3mm 
diameter plane electrodes were used, without any 
apparent liquid or electrode surface depe·ndence. · 
Saturating hexane with air produced an approximate 
twofold increase of the breakdown strength. 
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(14) Viscosity experiments. Highly reproducible 

results could be abtained when measuring the viscosity 
of air-saturated spectroscopic grade hexane. However, 
when using the same apparatus and the degassed liquid 
the scatter in the results .was increased to the point 
where reliable measurements could not be obtained. 

This followed very closely the pattern of reproducibility 
of the electrical measurements taken in these liquids. 
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4. Review of previous work. 

Several comprehensive reviews (13,14,15) covering 
the work in the field of electrical conduction e.nd 
breakd-own in dielectric liquids up to 1961 have already 
appeared in the literature, so that only work that is 
highly relevant to the present project has been included 
in this review. It must be pointed out, however, that 
in view of the important effect of impurities found tn 
the present work, there is some question of the validity 
of any.comparison between the work of different 
investigators. 

4.1. High field conduction. 

The present theories of high field condu;ction can 
be classified under the following headings. 

(1) Schottky type field aided thermionic emmision and 
Fowler-Nordheim high field cold e-mmision. 

(2) Field assisted dissociation of the liquid itself 
or of impurities. · 

( 3) Ionisation by collision e.t very high fields. 

Of the earlier workers, Edler and Zeis (16) and 
Baker and Boltz (17) favoured Schottky emmision beca.use 
they found that the conductivity of toluene obeyed a 
Richardson type plot (log. I 0<. T-1). They both found 
a large reduction in the current when the electrodes 
were he-ated in either oxygen or hydrogen and it was 
assumed that this was due to the change of work function 
caused by absorbed layers on the electrodes. Dornte (18) 
suggested Fowler-N·ordheim emmision because he found no 
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dependence of the current on the temperature of t~e 
liquid. LePage and Dubridge (19) measured the current 
in-toluene as a function of the electric field end 
temperature, (0 - 250kV/cm and -15 to 70°C) and showed 
that the current followed a Richardson type plot although 
the slope was too small, and the emitting a.rea. found from 
the· intercept made. by the ·straight line plot with the 
axes was also too small by a factor of lo-1 3 - lo-11 • 
Also, the slope of the line obtained by plotting log. I 
against E was found to be a factor of 2 greater than 
that predicted by Schottky theory. They therefore 
suggested that the current was due to a combination of 
both thermionic and cold cathode.field emission. 

More recently House (3) has also suggested a 
combina.tion of Schottky and Fowler-Nordheim emission. 
Watson and Sharbaugh ( 9) have propos.ed Fowler-Nordheim 
emission through a barrier whose .thickness is reduced by 
a layer of positive charge at the cathode. A similar 
theory has been put forward by Green ( 20). 

Some very careful work was done by Plumley (21) on 
pure heptane Which he further purified by distilling it 
over metallic sodium in order to dry it, and then passed 
it over silica gel to remove polar impurities, through 
sintered glass dis·cs to remove dust particles and 
fina.lly purified it by means of electrical purification. 
He rejected both thermal and cold field emission 
me-chanisms of condu_ction because he found no dependence 
on pola.ri ty when using a point-plane electrode system. 
He therefore proposed a mechanism in which the carriers 
are formed by dissociation of the liquid molecules. in the 
high field ; this does not depend on the electrode 
geometry but simply on the highest field present in the gap. 
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The suggested reaction in heptane we.s 
+ -2C7H16 = c7H17 + c7H15 • The possibility of the 

dissociation of the impurities present wa.s discarded 
because the conduction was found to be independent of 
the purification. Macfadyen (22) has pointed out 
that this process is unlikely because the energy of 
dissociation of the praposed rea.ction is in the region 
of lOeV. It is worth noting that Plumley obtained 
currents of the order of l0-6A at a field strength of 
about 350kV/cm. Although he does not mention the 
pressure at whiqh he degassed his liquid, it would 
seem from the apparatus sketched in his paper that the 
pressure was in fact v~ry low, as he used a diffusion 
pump and wide bore tubing. He also took the 
precaution of degassing his electrodes by heating them 
under vacuum by means of eddy currents. Although 
currents as high a.s this ha.d not been previously 
reported in liquids of this type he did not remark on 
them. Dissociation theories have also been forward 
by Reiss (23) and ~ (24) and mare recently by 
Coelho and Bono (25}. 

House (3), working in hexane with a relatively high 
air content, succeeded in measuring the conduction 
current up to field strengths just below breakdown 
(approximately l~N/cm) by means of conditioning. This 
consisted of waiting for the decline of pulses at each 
voltage level. :tae l:iama@e ee.:aseli 'By 'BFeelfaevlfts ai; =t;B:eee 
vel=t;a@e s 'Be-:lli~ m:i:Bim:i: 15e a '6y i;J:te 'tlBe ef a =t;J:t'! e:l;reft 
iii.t'Qptg;p Stable currents were obtained by ·this 
te-chnique. House interpreted his results on the 
basis of electron emission from the electrodes with 
the effective work function of the electrode. metal 



reduced by the presence of the· dielectric, and the 
field strength greatly increased at the electrodes 
because of as.peri ties. From his work on changing the 
gap length he concluded that there might possibly be a..n 
electron multiplication process. However, a rigorous 
interpretation of his results on the variation of the 
gap width is extremely difficult because spherical 

electrodes were used. 
Sletten (1) was the first to realize the 
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importance of oxygen in solution in hexane, when he 
found that the ·breakdown strength fell from the 
accepted value of around l~N/cm to approximately 
0.81~/cm and the level of the conduction current 
increased by a factor of 2 or·3 when the oxygen was 
removed. Nitrogen we.s faund to ha;ve no effect on 
either conduction or breakdown. Zaky (12) found that 
when the voltage supply was replaced by a short ·circuit, 
a current flowed in the reverse direction and the 
quantity of this reverse charge was approximately the 
same as that which flowed in the forward dire.ction. 

However, his electrodes were unscreened. It is quite 

certain from the work carried out by Morant (2) in 
which he found that discharge currents only occured when 

the electrodes were not screened, that the discharge 
currents found by Zaky were in fact due to electrical 

charging of the glass wall of the cell, and had nothing 
whatsoever to do with basic processes occuring in 
electrical conduction in dielectric liquids. This 
was confirmed by the present work.in which, ~sing 
screened electrodes, no discharge currents we~e ever 
obtained under a variety of conditions. 

Objections to electrode emission theories on the 
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grounds of lack of dependence of the current on electrode 
material he.ve been removed by Morant ( 26) who reasoned 
that a space charge must exist at the electrode·-liquid 
interface, in the same manner as at a metal-dielectric 
contact. Morant succeeded in demonstrating this 
experimentally and estimated the potential due to this 
s-pace charge to be in the region of leV. Thus it is 
probable that this potential masks any effect due to the 
diff.erent work functions of the different metals. 
Forster.{27) plotted the potential distribution between 
a pair of parallel plate ele·ctrodes in benzene by means 
of probes and found the fie;t.d near the electrodes to be 
much greater than that in the bulk of the liquid, thus 
showing directly the existance of space charge. The 
conduction of various· related liquids was also measured 
and it was found that the conductivity was related to 
the number of ffelectrons available in the molecule. 
He therefore postulated that the carriers ·in these 
types of liquids are TT e:;Lectrons whic~ remain attached 
to the parent molecule until a collision of the correct 
type for the transfer of this electron from one molecule 
to another occurs. Zein Eldine, Zaki, Clullingford 
and Hawley (28) carried out probe measurements in 
transformer oil at field strengths up to 60kV/cm and a 
similar field distribution was found. 

Halliwell and Ivl~cfadye.n· ( 29) and Watson and Sharbaugh 
( 9). have carried out conduction experiments under 
microsecond pulse conditions ancl found currents many 
orders higher than that normally obtained under d.c. 
conditions. Indeed, the former obtained a curre·nt of 
80pA at a field strength of 400kV /em. It rnust be 
mentioned that Watson and Sharbaugh reported a decay in 
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the d.c. current of approximately three orders of 
magnitude during the first few minutes after first 
applying the voltage, and reverse currents when the 
voltage was removed. This indicates the use of 

unscreened electrodes in their case a.t least, and this 
might well be the cause of the high currents found. 

Because of some dependence on cathode material and 
none on the liquid sample, Macfadyen and Halliwell ruled 
out the possibility of ionic conduction. Watson and 
Sharbaugh found no evidence for an electron multiplication 
process at field strengths up to 1.2MV/cm but reported 
marginal evidence for such a process at about 1.3IVIV/cm. 
':Pheir use of plane ele·ctrqdes make·s their results more 
easy to interpret than that of House. 

4.2. Mobility. 

In contrast with measurements on conduction, there 

is good agreeme~t between the different inve:stigators 

on the value of the carrier mobili·ty in the saturated 

hydrocarbon liquids. The method used up to date has 
been to form carriers in the liquid by means of X-rays 

or to inject electrons into the liquid by photo 
emission from the cathode. There is thus always the 
possibility that the carrier~ in these experiments are 
not those which ta.ke part in natural conductivity. 

A great deal of work on mobility in the saturated 
hydrocarbons by Adamczewski and his group using air­
saturated liquid which was dried over metallic sodium 
and electrolytically .cleaned. It is known (30) that 
his group used commercial grade hexane so that. besides 
the inherent difficulty of not knowing if the carriers 
produced by external stimulation are the same as those 



taking part in conduction, there is the additional 
uncertainty that the carriers might in fact be impurity 
ions. 

Adamczewski (31) measured the mobility of ions 
produced by X-rays in saturated hydrocarbon liquids over 
a temperature range of 8 - 5o 0 c and has given an 
empirical formula connecting the mobility with the number 
of carbon atoms in the molecular chain and the 
temperature. The mobilities of the positive end negative 
carriers in cyclohexane were found to be 0.9xl0-4 and 
3.6xlo-4 cm2volt-1sec-1 respectively. The· activation 
energies of mobility and current were found to be very 
similar in magnitude.· Jachym (32) found that the 
relationship between carrier mobility and viscosity could 
be expressed u = An-x where A is a constant and 

x = Eu/En, Eu and En are the activation energie·s of 
mobility and viscosity respectively. For negative 
quantities this quantity is unity so that this relation­
ship is in fact Stokes law, u :,= An-l. For positive ions 
x is 3/2 and this relatiollshiP.·:. obeys the law previously 
found by Adamczewski, u = An-~. 

Terlecki ( 33) m~asured the mob_ili ty of negative ions 
in he~ane, octane and decane at field strengths up to 
approximately 120, 200 and 300kV/cm respectively, and 
found the respective mobilities to be g.Bxlo-4 , 
7xlo-4 and 3xl0-4cm2volt-1sec-1 • Gzowski (34) found 
exactly the same relat_ionship between u and n as Jachym, 
using X-rays to produce the carriers, in hexane,heptane, 
octane and decane. A diffuse spectrum of positive 
carrier velocities was found showing the existance of 

different types of positive ca,rriers. 
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·LeBlanc (35) working at fields up to 2kV/cm found 
the mobility of negative carriers in hexane and pentane 
to be in the:· region of 1.4xl0-3cm2volt-1sec-l and the 

activation energy._in hexane to be O.l4eV. The product 
of viscosity and mobility was not constant with 
temperature so that the carriers did not obey Walden's 
rule. ~t was therefore concluded that the carrier could 
not be ionic in nature and because of this he proposed a 
mechanism in which the electrons travelled partly in the 
free state and partly as a negative ion. It must be 
noted, however, that Walden's rule is pui-e·ly empirical 
and only holds strictly for the single substance tetro­
·ethyl-amonium picrate in a variety of solutions (36), so 
that no deductions can validly be drawn from it a·s far as 

the carriers in liquids such as hexane s.re concerned. 

Inuishi and Chong (37) using photo injected 
electrons in air-saturated hexane f.ound the mobility of 
their carriers to be 1 - 1.2xlo-3cm2volt-1seo-1 ahd 

independent of the field up to 0.5MV/cm. The activation 
energy was found to be O.l6eV, this being different from 
the activation energy of the viscosity of the liquid. 
The viscosity was varied by adding silicone oil and 
when u was plotted against n Stoke's law was not obeyed. 
A small amount of added alcohol decreased the mobility 
and increased the breakdown strength even though the 
conduction current increased. When the mobility of the 

carriers in hexane gas was extrapolated to the temper­

ature and ·density of the liquid, it was found that the 

value obtained was approximately 4 orders too high. 
This of course is not surprising in view of the fact that 

the physical structure of gases is very different from 
. that of liquids. This is discussed in greate·r detail 
in Sec. 5.2. 
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Davis, Rice and Meyer ( 38),{39) have produced a 
qua.ntitive the0ry for the mobility of carriers in argon, 
krypton .and xenon, based on the interaction potential 
of the carriers with their surroundings and the radial 
dist~ibution function for the liquid itself. Agreement 

is obtained between theory and experiment if the 

negative carriers in these liquids are 02 ions, and 

Art, Kr~ and xe! the positive carriers. 

There is little doubt that this direct theoretical 
approach to the study of liqui.ds is· correct as it does 
not invoke the use of any sort of model nor does it 
call on gas or solid state theory to aid it. 

The values obtained for both positive and negative 
carriers lie in the region of 10-4 - 10-3cm2volt-1sec-1 

depending on the temperature and pressure. Long gaps 
were used with field strengths not exceeding 250V/cm. 
~ (40), who also worked in argon and used high fields 
in conjunction with a narrow gap, found the mobility of 
the negative carriers to be in the region of 100cm2 . 
volt-1sec-l i.e. about 4 orders of magnitude higher 

than the value obtained by Rice. He explains this 

discrepancy by saying that with the high fields and 
narrow gap used by him the electrons do not have 

sufficient time in their transit across the gap to 

attach themselves to a mole·cule, and therefore travel 

as free electrons. At the low fields and long gaps 
used by ·Rice there is sufficient time for the electrons 
to attach themselves to mole.cules so that these 
experiments in fact measure the mobility of ions. 
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4.3. Breakdown. 

As mentioned previously, the main concern of this 
work was with conduction, and there are not sufficient 
breakdown results to contribute anything new to the 
discussion of possible mechanisms of breakdown. 
However, the ideas postulated up to date have been listed 
below and in Sec. 5.8. those which seem most relevant to 
the present results will be discussed. 

(1) S~ace charge theories. In space charge theories 
the local field near one or both of the electrodes is 
enh~nced until at sufficiently high applied fields 
breakdown occurs. Bragg, Sharbauph and Crowe (41) 
have put forward such a theory. In this the anode 
field is enhanced ~y negative space charge produced by 
Schottky emission at the cathode. On the other hand, 
Goodwin and Macfadyen (42) contend that it is the local 
cathode field which is increased by positive charge 
which is ge·nerate-d by ionisation by collision. Swan ( 43) 
has proposed a similar theory based largely on equations 
derived from gas theory and depends on the assumption 
that at high field strengths the electrons are free. 
Their mobility is· thus much greater tha.n that of the 

. 
positive carriers so that the electrons produced o!B.t the 
cathode are swept away to leave a net positive space 
charged for field enhancement at the cathode. 

(2) Bubble theories. 

Kao and Higham (44) found a strong pressure 
dependence of breakdown strength and consequently 
~ -(45) proposed a theory in which bubbles, formed 
either by a thermal or a degassing·process, initiates 
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breakdown. !n this theory the bubbles are elongated 

in the electric field, and at fields approaching the 
breakdown strength of-the liquid, electrons tra.velling 
along their length gain sufficient energy from the field 
to be able to ionize or rupture the liquid molecules. 
It must be pointed _out in this coll:nection that Maksiejewski 

and Tropper (46) found no dependence of the breakdown 
strength on pressure when this was subatmos-pheric if the 
electrodes were d·egassed, although there was a marked 
change when they were not degassed. Watson and Sharbaugh 
(47) have also_proposed a thermal mechanism for breakdown 
under pulse conditions in which very high currents are 
obtained. In this, the high power input at asperities 
on the electrodes is.sufficient to cause local 

vaporisation of the liquid and these vapour bubbles 

subsequently cause breakdown. 

(3) Particle theory. 

It is well known that particles bridging the gap 
can sometimes cause breakdown. Kok and Corbey (48) have 
developed a the·ory bas·ed on this model of particles 
bridgin·g the gap and have exte·nded it to particles of 
molecular size i.e. when the bridge is forme~ by the 
molecules ~f the liquid itself. For d.c. conditions 
their theory predicts 

3
t_hat the breakdown strength should 

be proportional to r-ifwhere r is the radius of the 

bridging particle-s. On this basis liquids with short 
molecules should show a higher breakdown strength than 
those with long molecules. 

Adamcze.wski (49) and Lewis (50) have attempted to 
explain the dependence of the breakdown strength of the 
paraffins on the molecular chain length by assuming 
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that breakdown is initiated by high energy electrons 

which arecapable of producing ionisation by collision. 

The energy of the electrons is limited by inelastic 
collision with the liquid mole-cules in which their 
energy is given up to increase the vibrational e·nergy 
of the molecules. Adamczewski has postulated the 
C - C bond to be the major energy sink while LewLs 

favours the C - H bo~d. 

4.4. Relevant experimental results. 

Sletten (1) was the first to realise the important 
role played by dissolved gas on the electric strength of 

insulating liquids when he found that the electric 
stre;ngth of air-saturated hexane fell from 1. 33lVlV,.6m to 

0.8"8IYIV/cm when the ~iquid was degassed. It was found 
that dry nitrogen, carbon dioxide and hydrogen dm not 

influence the electric strength of the liquid whereas 
dry oxygen did. He therefore concluded that it mas 

the 
the oxygen _in. the air which produced~increase in the 
electric strength. On the other hand, oxygen was found 
to have no effect when microsecond pulse voltages were 
used. This was later. confirmed by Lewis and Wam· (51). 

Gallagher and Lewis (52) found that when oxygen 

was present in argon in the ratio of 20ppM the surface 
conditions of both the anode and the cathode influenced 
the static electric strength. When oxygen was removed 
only the anode effect remained~ However, under pulse 
conditions, no anode effect was found unless 10% of 

oxygen was present. Ward and Lewis ~-(8) found that 
with air-saturated_hexane the pulse strength was 
increased with either positive or negative prestressing, 
but with degassed liquid either increased or de.creased 



depending on whether the prestressing was negative or 
positive. 

Zaky, Ze·in Eldine and Hawlel (54) found that the 
breakdoWn strength of transformer oil was increased by 
a factor of approximately three if either the cathode 
or anode was coated with a layer of plastic materia~. 
Coating both a·lectrodes prod~ced no further increase in 
the electric strength. 

4.5. Instability. 

The increase of instability when the liquid is 
de-gassed hSts been noted by several observers.· Sletten (1) 
noticed that the. increase in conduction current when 
hexane was degassed was accompanied by a corresponding 
increase in instability. This was also found by 
Nossier (55) in transformer oil when it was degassed at 
8xlo-3 torr. · 

A rather quantitive study of the effect of dissolv~d 
gas on the insta.bili ty in transformer oil and liqUid 
paraffin using different electrode geometries has been 

' 
carried out by Hug· and Trapper (56). Their results 
are listed below. 

(a) No relationship was found between noise and 
particle movement at high fields. 

(b) Although in general increa.sing the oxygen content 
of the liquid decreased the noise level, an 
exception to this was when the partial pressure 
of the dissolved oxygen was 14torr, when a slight 
increase in the noise .was noticed. 

(c) Increasing the gap length from 8lp to 125)l resulted 
in a slight increase in the noise level. 

(d) Nitrogen had no effect on transformer oil but 
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increased the noise level in liquid paraffin. 
(e) The effect of changing the electrode geometry 

from spherical to point and sphere was to increase 
the noise level when oxygen was present, the 
noise level being higher when the point was 
negative. Another surprising result was that 
with the non-uniform field it was found that the 
presence of nitrogen produced an increase in the 
noise level, in contrast with the uniform-field 
case in which there was no nitrogen effect. 

(f) Oxygen had no significant effect on the noise level 
in liquid paraffin. 

(g) The addition of a~thraquinone to transformer oil 
produced the same quenching effect as oxygen. 

These effects are explained by assuming tnat high 
energy electrons are present which are capable of breaking 
the C - H bonds. The hydrogen released forms pockets 

() 

of gas in which electrons are further a.ccelerated to 
produce a breakdown. The pulses seen-are thus the onset 
of a breakdown and the effect of oxygen is to capture 
the fast electrons and reduce their abundance. With 
non-uniform field·s the effect of the large quantity ef 
liberated gas is assumed to mask the quenching effect of 
oxygen. Similarly the lack of an effect of oxygen on 
liquid para.ffin is explained as being due to the f-fact 
that it does not !eadily absorb hydrogen so that here 
again the gassing effect masks the quenching effect of 
oxygen. 

It was noticed that \,high pulse activity corresponded 
to a low breakdown strength and this is thought to 
support the preposed explanation ef the noise. However, 
it is not recorded if the increase in the pulse activity 



caused. by nitrogen in liquid paraffin corresponded to 

a lower breakdown strength in that liquid. 

4.6. Miscellaneous releva.nt observations. 
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Darveniza (57') found that light was emitted from 

transformer .. oil when it was subjected to a high electric 
field. The light was analysed spectroscopically and it 
was deduced from its wave length that e .lec~~cms: with 
energy of at least 2.5eV must be present in the liquid. 
He later found the same effect when anthracene was 
added to hexane (58). At fields of about 600- 950kV/cm, 
luminous streamers completely bridg~d the gap while. 
at still higher field strengths the glow became diffuse. 

Goodwin (59) using the Kerr effec~ '·has shown that 
in monochlorobenzene the field is greatly enhanced near 
the cathode at fields above 0. 51VlV /em e.nd there is 

evidence that conduction occu.rs in filamentary clrs.nnels. 
Hart (60) has found a· change in the viscosity amounting 

to as much as 400% when a liquid is subjected to an 

electric field. Coelho (61) found an increase in the 
viscosity of heptane in a direction. perpendicular to 
the electric field. 
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5. Discussion. 

5.1. Introduction. 

The most important result obtained in the present 
project is the production of stable high currents in 
well degassed pure liquids. Although high currents 
were found previously by Morant (2) in spectroscopic 
grade hexane, they were highly erratic and no fir.m 
relationship between these high currents amd the field 
strength could be discerned. The stable high currents 
and the repr<?du,cible current-val ta.ge curves obtained 
here in pure liquid, and_ using plane electrodes, are 

. . 

therefore considered to be in important·· advance. 

Several possible mechanisms of this phenomenon will be 
considered, and it will be shown that a me•chanism based 

on the reorientation of the liquid molecules when they 

are subjected to high electrical stress, appears to fit 

the facts well. The results obtained by other workers 
will be discussed in the light of the proposed model. 
In particular, it wi 11 be shown tha.t results which have 

been ~V.iously considered to be conclusiye evidence of 
the existance of free electrons· in dielectric liquids, 
could be adequately explained by means of ionic 
conduction. 

It must be emphasized at the very outset.that 
without additional experimental and theoretical verifi­
cation, the proposed mechanism can by no means'be 
considered as irrefutable fact. It has been put forward 
because, in the opinion of the author, it appears t.e fit 

the result-s obtaine-d in this project better than any 
other possible mecha.nism and is also physically plausible. 

l!'urther, if the proposed mechanism were in fact correct, 
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it could lead to a new experimental approach to the 
study of conduction in dielectric liquids (see Sec. 6), 
and from this point of view it certainly seems worthy 
of further consideration. 

5.2. The structure of liquids. 

It is very tempting to regard a liquid as a very 
high pressure gas, or a solid in which there is only 
short range orde·r. In fact a. liquid is neither, and 
results deduced by extrapolation from either phase are 

likely to be erroneou:s. Even if apparently good 

agreement is obtained between a theory based on 

extrapolation and experiment it can only mean that 
either the particular property is not strongly dependant 
on the structure of the material, or that agreement is 
purely coincidental (62). 

The difference between a rarified gas and a solid 
is obvious. In a solid even though some migration of 
molecules does occur, on the whole the molecules ~e held 
rigidly in a mean position by interaction with their 
nearest neighbours, their only movement being 
oscillations about the mean positions. In a rarified 
gas the molecules spend the majority of their time in the 
free .state, well outside the influence of any other 
molecule, and are only able to alter their kinetic 

energy by means of collisions. The properties of a 

gas are therefore determined by the kinetic e·nergy of its 
components only. 

As the gas is compressed, the molecules are brought 
closer t.ogether so that the potential enE!rgy due to their 
mutual interaction becomes increasingly important. The 
molecules are then able to form short-live-d clusters of 
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two or more molecules. As the pressure is increased 
still further, large stable clusters are formed, this 
being the process of condensation. The process is 
discontinuous, ~.nd at this point the interaction between 
the molecule·s becomes the dominant fa.ctor in determining 
the properties of the material, the kinetic energy being 
of minor importance. This is perha.ps best shown by the 
fact that a gas, even at densities comparable with that 
of the liquid state, exerts an outward pressure on the 
walls of i t.s container, wheree.s a liquid tends to 

confine itself to the smallest possible volume compatible 
with the ·forces exerted on it. For insta~ce a drop of 

oil suspended in water will be almost spherical. 

This shows quite clearly that the molecules of a liquid 
attract each other whereas those of a gas are free. 
Thus all.the properties of a gas ce~ in principle be 
calcula.ted by considering the kinetic energy of its 
mole·cules, their mutual potential energy need only be 
considered as a corre·ction factor. On the other hand 
to predict the properties of a liquid only. the form of 
the interaction forces between the molecules need be 
known. In the light of these considerations it is not 
in the least surprising that Inuishi's extrapolation 
from the mobility of the carriers in hexane vapour to 

liquid hexane, for example, gave a result which was too 

high by four orders of magnitude. 
If the distribution of the nearest neighbours 

surrounding a molecule in e. liquid is plotted as a 

function of the radial distance, there is an apparent 

state of order close to the mole-cule. However, this 
must not be confused with ordering in the solid state in 
which the molecules are fixed in a mean position, as 
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mentioned above. In a. liquid this ordering, or radial 
distribution a.s it is called, is of a purely statistical 
nature and is simply a measure of the probability tha.t a 
second molecule is present at a. given distance from the 
first. Thus, if it were possible to make a series of 
instantaneous measurements of the number of molecules in 

a spherical shell at a given distance from an individual 
molecule, the result of each measurement would probably 

differ. Their average, however, would be very close 
to the value given by the radial distribution function, 
if sufficient measurements were taken. 

5. 3. Transport phenomena. in liquids. 

As might be expected from their r_adica.lly different 
structures, transport phenomena in liquids and gases are 
also radically different. If a molecule in a gas could 
be continuously accelerated by some means, it would 
rapidly gain velocity until it struck a second molecule. 
It would then either undergo an elastic collision· with 
no net loss of energy, or an inelastic collision, in 
which some or all of the e.nergy is lost to excitation of 
one or both of the molecules. The molecule would 
continue to absorb energy from the accelerating force 

until a balance was reached between the energy gained and 

that lost to other molecules on impact. In a li~uid 

ea.ch molecule is at all times in the attractive field 
of its nearest neighbours and if it were subjected to an 
accelerating field it· would a.t·tempt to drag its neighbours 

with it. It would thus readily share with them any 
energy it gained from its movement along the direction of 
the force, this energy being converted to ·heat. 
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For example, let us consider the mechanism of 
viscosity in the two media. It is well known that when 

a velocity gradient is set up in a fluid, the slower­
moving layers exert a viscous drag on the faster ones, 
and tend to reduce the velocity gradient so that the 
whole of the fluid is moving with a uniform velocity. 
Consider two adja.cent layers in the fluid, A and B, 
A being the faster-moving and B the slower-moving 
layer. In a gas the viscous drag is explained thus; 
the molecules in the two layers are virtually free and 
can readily cross from one layer to another. The 
faster molecules from A which cross into B collide with 
the slower molecules there and give up some of their 
momentum to them. Similarly ~olecules from B, which 
cross into A, will absorb momentum from the faster 
molecules, and this will serve to even out the molecular 
velocities in the two regions. In a liquid, however, 
the transport of matter is slow compared to that which 
takes place in the gaseous state, and one must look for 

a different mechanism for the viscous drag. It is in 
fact accounted for by the attractive forces between the 

molecules. The faster moving molecules are retarded by 

the forces exerted on them by the neighbouring slower 
molecules and a viscou·s drag is produced with very little 
transfer of mass. Transfer of mass obviously does 
occur in a liquid also, for otherwise phenomena such as 

diffusion would be absent. HoweY,er, in a liquid this 
is a very slow process and transfer of energy is still 
almo.st entirely due to intermolecular forces. 

It is with these considerations in mind that one 
must look for an explanation for the high mobility of 
ions in a gas and their low mobility in a liquid. The 
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gaseo~s ion is virtually free and can be a~celerated to 
very high velocities in a sufficiently high electric 
field, the limiting mobility being reached when the 
energy loss ·due to collisions balances the energy input 

from the electric field. In a liquid an ion is always 
in the.field of influence of its nearest neighbours. 

It will also polarize its surroundings so that the 
density in its inllllediate neighbourhood is further 
increa.sed (38). Its mobility is therefore very low 
because the majority of the energy of the energy ion 
receives from the elec:tric field is soon given up to the 
surroundings and is converted to heat. From the above 
considerations it is seen that the mobility ef an ion in 
a liquid is completely controlled by its interaction 
forces with its surroundings. 

Exactly the sa.me reasoning applies to an electron. 

The fact that an electron is very small is of no 
significance, since it is_the interaction potential 

between it and its surroundings which determines its 
final velocity, and not its collision cross-section. 

Even though an electron can exist in the free state in 

a solid because of the high degree of order of the 
melecules of the solid, this is unlikely in a liquid. 
As mentioned previously, even the short range order in 
a liquid far rellloved from its boiling point is only of a 
statistical nature, so that electrons are unable to 
travel in a liquid in the same manner as in a solid, 
except, perhaps, for very short distances indeed, whe·n 
the molecular distribution is favourable. 
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5.4. A possible mechanism for the explanation of several 
high field phenomena. in dielectric liquids. 

Because the mechanism which is to be proposed for 
conduction in highly degassed liquid follows naturally 
on to the previous sections, it will be discussed first. 
Other possible mechanisms will then ~e discussed later. 

Conduction in any medium consists of two parts, . 
(a) the production of carriers and (.b) their mode of 
transport. The high cu!rents found in this project 
could therefore be due to an increase of either (a) the 
number of carriers, or.(b) their mobility, or a 
simultaneous incree.se in both. It will be shown in the 
following sections that mechanism {b) is a plausible 
explanation of the high currents obtained in this project 
and their dependence on various parameters. 

5.4.1. Ex:elanation of t~~- high currents. 

From Sec. 5.2. and _5.3. it is quite clear that the 
mobility of a. carrier in a liquid, whether it is al!ll· 
electron or an ion, is determined by the .form of the 
interaction field between it and its neighbours.. It 
is possible that at high fields, the hexane molecules 
align themselves, either across_ the whole or part of the· 
gap, in such a manner that the interaction forces with 
a carrier are reduced. This may then allow the 
mobility of a carrier to increase by a factor of between 
twa and three orders of magnitude. The evidence for 
such an alignment and increased mobility will be 
discussed below. 

When a hexane molecule is situated in an electric 
field its electrons are reorientated from their 
equilibrium configuration so as to form a weak di,pole,. 
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and this naturally accounts for the non-unity permittivity. 
It would be expected that the molecule would follow its 
electron cloud to place itself in a position of minimum 
potential energy. However, the liquid molecule is 
situated in a potential well and the polarisation forces 
are normally too weak to significantly influence its. 
position, and in any case, even if there were a small 
degree of reorientation it would be masked by the effect 
of thermal agitation. It is possible that at the very 
high-field strengths used ( up to 5xl05V/cm) the -
electronic dipole moment of the molecules at the electrode 
surfaces is just sufficient to allow the necessary degree 
of alignment. This is because asperities at the 
electrodes are_ capable of enhancing the field by a factor 
as great as 100 (63). Space charge could further .. 
increase the field by a factor of between 10 and 100 so 

_that the electric field at the ele-ctrode surfaces could 
po~sihly be in the region of 108 - 109V /em·. At this 
field strength the polarizability of hydrocarbon molecules 
is no longer constant but strongly field dependent (64). 
It is shown in Appendix C that at these field strengths 
the assumption that the molecules will tend t-o reorientate 
themselves into a position of maximum polarizability is 
very reasonable indeed. 

It is proposed that this alignment does not occur 
across the whole area of the gap but in· filimentary 
channels, probably initiated at asperities on the 
ele-ctrodes. These aligned channels are in all probability 
unstable, be_ing soon broken up by thermal agi tation~that 
they are very short lived. While the molecules are in 
the aligned position it is possible that the carriers are 
able to travel the length of the channels at mobilities 
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of between two and three orders of magnitude greater 
than when the liquid is unali~ed, depending on the degree 
of alignment. This could produ_ce a further increase· in 
the current since an increase in mobility would remove 
space charge from the electrode .surfaces and allow 
increased e·mission from the cathode. This could 
adequately explain the high currents. 

There is no necessity for the channels to bridge the 
gap completely, for even if the· gap ±s only partly 
bridged the movement of charge in it will make itself 
felt in the external circuit. The reason for this is 
tha.t when the charge approaches ~ electrode it will 
produce induced charge·s on· it, attracting charge of .. 
opposite sign to it, whilst charge of the same po1l.arity 
is conducted away in the closed circuit. 

Now since the mechanism proposed for the high 
currents ~epends entirely on the realignment of the 
molecules ~n the electric field, it is necessary to ask 

' if the {or.ces on the induced d:ipole are in fact sufficient 
to overcome the binding forces on the molecule an~ cause 
rotation. To this question it is possible to an:swer in 
the affirmative. Since the binding forces on the 
molecule are of the same nature as these experienc~d by 
the carrier, and since the field is capable of over-

~ 

coming these forces with respect to the carrier, it is 
a reasonable assumption that the field will also be 
capable of inducing some degree of reorientation of the 
induced dipole. 

5.4.2. Ex;Elanat.ion of t~!...,.Y) characteristic in Eure 
hexane. 

An explanation of the current-voltage curve .is given 
in this section based on the foregoing considera.tions 



without any attempt to deduce the origin of the carriers. 
The characteristic can be divided into three regions, 
(1) the low current region at field strengths of up to 
about 100 - 150kV/cm in which the curve has a slowly 

< . 
increasing slope, (2) the region between 150 - 250kV/cm 
in which the curve rises sharply upwards, (3) the high 
current region, with currents in the region of lo-·7 -

l0-6A. In this region the slope of the curve decreases 
with increasing voltage, tending to become asymptotic to 

the voltage axis. 
Region (1) is the part of the curve in which lining 

up is insignificant, and therefore follows the normal 

pattern found by other workers in gassy liquid. At 

somewhat higher fields ligning up starts to become 
significant and part (2) of the curve is reached. Now 
if the energy of the molecules follows the normal 
Boltzman distribution, the probability of obtaining an 
aligned channel will vary exponentionaly, in such a 
manner, tha.t at infinitely high fields the molecules will 
be fully aligned. This could explain the flattening 
off of the curve in region (3). This is of course an 
oversimplified picture. The actual process is very 
complicated indeed, f.or as the field strength is 

increased the dipole moment is increased, and as the 
molecule rotates, its potential energy in the field of 

the other molecules will also change. Further, the 

relationship between the carrier mobility and the degree 
of alignment is probably quite complicated. Nevertheless, 

the sharp rise of the curve at fair~y high field strengths, 
and its asymptotic approach to parallelism with the 
voltage axis, appears to be reasonably well explained by 
the proposed model. 
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5.4.3. Instability. 

At low field strengths the current is perfectly 

steady. At about lOOkV/cm instability sets in, and 
increases in magnitude and frequency until, just before 
the onset of high current, the instability is very high 
indeed. On the basis of t-he alignment model the 

explanation of this follows quite naturally. According 
to this model the fluctuations in the current are in 
fact due to very short lived aligned channels. At low 
fields the probability of the occurence of an aligned 

channel of sufficient duration to have an effect on the 
external circuit is small. At very high field strengths 
the channels have a comparatively long life and the 
frequency of their occurence is high, so tha.t the overall 
effect is an average current which is fairly smooth. 
However, at field strengths between these two extremes 
individual or groups of short-lived aligned channels 
can occur, and these are the cause of the fluctuations. 
On increasing the voltage the duration of the alignment 
of these channels and their frequency increase, with a 
corresponding increase in the magnitude and f:rrequency 

in the current. fluctuations, until at the point where 

high current is about to commence the instability reaches 
its peak. 

5.4.4. Pulses. 

From the discussion of pulse shapes in Appendix B 
it can be seen that the long pulses shown in Fig. 55B, 
Sec. 3.13.2. correspOnd to a. process taking place which 
is very much longer than the time: constant RC, whilst 
Fig. 55A shows a pulse which has not reached its maximum 
height because the event taking place is cemparable with 
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the time given by RC. Fig. 55C obviously corresponds 
to many pulses superimposed on each other. 

The picture of the si·p-gle pulses could correspond 
to either a single la.yer of charge travelling in the gap 
from one electrode to the other, or a continuous process 

in which new charge is continuou·aly being provided. 
However, it has bee·n shown in Sec. ).1).4. that the 

model of a single layer of charge would imply a mobility 
in the region of 2.5xl0-4cm2volt-1sec-l and this is 

approximately a factor of 5 lower than the value 
accepted for the mobility of carriers in hexane by 
many investigators working in different laboratories, 
and presumably under different experimental condi tiona.­
It would therefore appear that the model of a continuous 
supply of charge is best able to explain the shape of 
the pulses obtained. 

On the basis of the lining up model the pulses are 
a measure of the lifetime of an aligned channel. It 
would be expected on the basis of this propostion that 

at higher voltages the pulses would be more-frequent and 
of longer duration because of the increased probability of 
alignment. The former of these two phenomena is in 

fact well borne o~t by experiment. As the voltage is 

increased the pulses become much more frequent, and 
when it is sufficiently high, the pulses often follow 
each other so rapidly that they become superimposed and 

have the appearance shown in Fig. 550. There also 
appears to be marginal evidence for the second process 
i.e. an increase in the length of the pulses as the 
voltage is increased, as has been mentioned in Sec.).l).). 

At first sight it would appear that increasing the 
gap length would diminish the probability of obtaining an 
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aligned channel bridging the gap, so that the result of 
increasing the gaplength should produce a decrease in the 
pulse activity. However, it is not necessary for 
charge to traverse the e·ntire gap length to produce 
current in the measuring circuit. Any moving charge in 
the gap will induce charge _on the electrodes, and these 

will appear in the external circuit as current. Thus, 
a.n aligned ·channel which only extends over pa.rt of the 

gap length, would be capable of producing a pulse 
because of the increased mobility of the carriers in its 

path. The fact that no difference was noticed in the 
pulse activity when the gap length was changed does not 
therefore disprove the mecha~ism_proposed for the pulses. 

No deviation from the pulse shape shown in ~lg. 66t 
Appendix B was found so that it appears from the pulses 
that there is no carrier multiplication process occuring 
at the field strengths used i.e. up to about 500kV/cm. 

5.4.5. Effect of the purity of the liquid • 

. The fact that·it is impossible to obtain reproducible 
results in spectroscopic grade hexane is extremely 
surprising, particularly since reproducible results 

could not even be obtained in the same sample of liquid. 

This lack of reproducibility has been shown quite 

conclusively to be t~e effect of liquid impurity and not 
an electrode effect, by the fact that reasonably 

reproducible results were obtained in pure hexane, even 
when different srunples were used. On the lining up 
model it is possible to explain the lack of reproducibility 
as follows. 

It is known from the chromatographic analysis that 
the main impurities in the spectroscopic grade hexane 
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are isomers of hexane and other paraffins. These are 
chemically similar and it would be expected that their 
chemical potentials would be almost identical, since 

the chemical potential is a measure of the interaction 
potential between the molecules. This· is supported by 

the fact that their boiling points .are very close. 

Thus, th~work, necessary to remove a molecule from the 
liquid state is very similar for all the isomers. In 
the mixture of the liquids the molecules of each 
individual compone-nt are surrounded, on the average, by 
molecules of theother species in the li~uid in the same 
ratio as in the macroscopic mixture. This would serve 
to further equate the chemical potentials of the 
molecules of the individual species_of the mixture, and, 
in fact, seems to be borne out by the extreme difficulty 
found in attempting to separate out ·the different 
components by means of distillation. 

· Now if one considers a small volume A, situated 

in a larger volume B, both of which ~.re filled with 
liquid of composition R, the probability that at some 
time the liquid in A will have a relative composition 

RA say, and the composition in B will be RB' where RA 

an~ RB are both different from the normal composition R, 
will depend entirely on the chemical potentials of the 
components of the mixture and the relative sizes of the 
two volume.s. Thus, if the chemical potentials are 

practically identical, and the ratio of A to B is small, 
the probability that molecules of one type will diffuse 
from B into A, and mole-cules of another type diffuse 
out of A into B, in such numbers as to appreciably 
change the relative composition in the small volume A, 



will. be quite high if the chemical potentials of the 

components are virtually identical, (65). An example 

of this is in the region of the critical point where 
the chemical potentials of the molecules in the liquid 

and vapour state are identical so that the molecules can 
pass freely from one phase to another. This causes 

large fluctuations 1n the density of the vapour near the 
critical region. 

The reason for the inherent lack of rep!'oducibility 
of the results in the impure hexane can now be explained 
on the basis·of density fluctuations. It is assumed 
that the lining up does not occur over the whole area 
of the gap but.in filamentary channels, and these are 
most probably initiated by the very high fields in the 
region of electrode asperities. The ease with which the 
molecules can be lined up by the field will depend on the 
instantaneous composition of the liquid in this small 
volume. When the composition of the liquid in this 

high field region is that of the average, the molecules 

interact to form a stable matrix which the field cannot 

break up, for a length of time sufficient for its effect 
to be seen in the external circuit as a high current. 

When the composition is favourable, alignment can occur, 
and high currents are observed. However, any deviation 
from theequilibrium composition is unstable and there 
will be a tendency for this small volume to return to the 
equilibrium composition. This can happen either quite 
abruptly or over a period lasting several seconds. 
This could explain the fluctuations observed in the high 
currents between different levels as seen in spectros­

copic.grade hexane. 
The existance of these density fluctuations seems 
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to be further confirmed by the viscosity experiment 
described in Sec. 3.15. In this carefully controlled 
experiment there was no reason why the same very high 
factor of reproducibility should not have been observed 
in the degassed spectroscopic grade hexane as in the 

air-saturated liquid. It seems difficult to explain 
the low factor of reproducibility of the viscosity 
measurements in the degassed liquid on anything but 
composition fluctuations. 

It must be pointed out that the proposed mechanism 
is incapable of satisfactorily explaining why smooth 
reproducible curves were obtained in the spectroscopic 
grade hexane after it had been prestressed, see Sec.3.3.5~ 
It has been shown in that. section that this is a liquid 
and not an electrode effect. A possible explanation 
could be that when the field is maintained for a 
sufficient length of time, the field distributes the 
space charge in such a manner that the composi t.ion at 
an asperity, which is capable of producing a high·current 
is preserved by the space charge. It must be admitted, 
however, that such an explanation is forced. In any 

case it would be difficult to obtain a mechanism which 

satisfactorily explains the fluctuations in this liquid 
which are present even when the field is maintained for 

a considerable period, and at ·the same time is able to 

explain the smooth curves obtained in the prestressed 
liquid. It is rather tempting to regard the fact that 
smoeth curves were obtained after prestressing as having 
no significance because there wa.s only a small number of 
these measurements, especially since on one occasion 
prestressing did not produce a smooth current-voltage 
curve. Also, there were occasions when smooth en rves 
were obtained without any prestressing whatsoever. 
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5.4.6. The effect of air on the electrical conductivity 

of hexane. 

The current in air-saturated hexane at high fields 
is in thEL·region of 10-9 A compared with 10-7 - 10- 6 A in 

the degassed liquid at the same field strength. Also 
the current remains steady even at field strengths where 

viole.nt fluctuations would have occured in the degassed 
liquid. Sletten ( 1) ha.s shown that this effect is 
probably due to the oxygen content of the air. Now 
oxygen is Em extremely active element and it will 
reB.dily attach itself t9 metal and other substances 
either chemically or by absorption. It is therefore 
extremely probable that even though oxygen will not 
react chemically with hexane, it will be strongly 
attracted to it by intermolecular forces. These forces 
are of the same nature as those which bind identical 
molecules, such a.s those of hexane, to form a liquid, 

and must obviously exist even though there is no 
chemical action. 

From these considera.tions it would be reasonable to 

expect that·oxygen will increase the bonding between the 

molecules, and there would therefore be less tendency 

for the fo~a.tion of aligned channels at high fie:!Lds 
which are sufficiently long-lived to cause an increase 
in the ·current. However, at very high fields the 
probability of short-lived aligned channels may be 
quite high, and these would show as fluctuations in the 
current. On this assumption, if the field could be 
raised to ·a high enough level without breakdown occuring, 
it should be able to overcome ~he binding effect of the 
oxygen and to produce aligned channels which would in 
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turn allow high mobility and the passage of high 

currents. When the pattern of the fluctuations in 

air-saturated and degassed hexane are compared, it is 
seen that the fluctuations occuring just before breakd·own 

in the former are very similar to those which appear in 
the latter just below the onset of the high current. 

This does in fact give the impression that high currents 
would be found in the air-saturated liq_uid if sufficiently 
high fields could be supported. This is further 
supported by the results obtained in cyclo.pentane. Here, 
even though air had the s~e quenching effect as in 
hexane, high currents were nevertheless obtained at very 
high fields (400kV/cm compared with 150kV/cm in the 
degassed liquid). 

It is perhaps significant that in both hexane and 
cyclopentane dissolved air had no effect on the laN 

current part of the (I,V) characteristic, where in any 
case the liquid is assumed to be in the unaligned state. 
Also, in spectroscopic grade hexane when the current 
fluctuated between two levels, the current at the lower 
level was approximately the same as that 'in the air­

saturated liquid. Here again the liquid is assumed to 

be in the unaligned state in both cases. 

5.4.7. The effect of dissolved air on the viscosity of 

spectroscopic grade hexane. 

The viscosity experi~ents showed the same marked 
effe·ct of oxygen on the reproducibility of the refsults as 
we.s found in conduction experiments. However, the 
averages of the two sets of results showed a higher 
viscosity for the degassed liquid and this, at first 
thought, would appear to disprove the postulated binding 
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effect of oxygen. Nevertheless, the number of 
experiments carried out wa·s insufficient to form a 

conclusive determination of the relative viscosities of 
the two liquids in view of the large scatter in the 
results for the degassed liquid, and particularly 

since one of the measurements did give a lower relative 

viscosi t.Y for the degassed liquid. 
There is the further possibility that the binding 

could have opposite effects on viscosity and mobility in 
this ·particular case. This is because in the pro.cess of 
conduction, it is the potential between isolated carriers 
and the rest of the liquid which determines the mobility. 
However, as far as viscosity is concerned, each molecule 
takes part in the process, so that the average binding 
effect on all the molecule·s must be considered. Thus, 
if the effect of the oxygen was to bind .the·hexane 

molecules intti closed groups of molecules, it is possible 

that the interaction between the groups would be reduced 

so that the viscosity would decrease. Since electrical 
carriers must travel through these groups, and their 

mobility is determined by the potential between them and 

their immediate neighbours inside the group, the fact 
that the interaction between the groups was reduel!d 
would be immaterial. 

The lack of reproducibility of the viscosity 
measurements in the degassed liquid could also be 
explained in the same manner as the lack of rep~oducibility 
of the high currents in the degassed spectroscopic grade 

hexane, Sec. 5.4.5., i.e. on composition fluctuations. 
In fact the lack of reprodudtbili ty obtained in the 
viscosity experiments can be looked upon as verification 
of the composition fluctuations proposed in that :section. 
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On the basis of the remarks made in Sees. 5.4.1. 
and 5.4.2. it would be expected that the high currents 
should be strongly dependant on the molecular shape. 
Tests were therefore carried out in cyclohexane because 
its chemical properties are·similar to those of hexane 
yet its molecular structure is considerably different. 
However, as mentione~ in Sec. 3.7.1. the results were 
inconclusive because of the difficulty in degassing the 

liquid with any degree of certainty. Cyclope·ntane was 
then considered to be the next most suitable liquid~ 
However, high currents were found in this. It Wci.S then 
thought that if the true cau·ae of the lack of reproduci­
bility of the results in spectroscopic grade hexane is, 

in fact, the non-uniform composition of the liquid, and 
low currents are produced by the interlocking of the 

different species, then one of the species should be 

tested. For this 3-methyl pentane was chosen because 
its boiling point is very close to that of hexane, so 
that its chemical potential is also qui:te likely to be 

very close, (see Sec. 5.4.5. ). 3-methyl pentane was 
therefore thought to "be the most _probable cause of the 

lack of reproducibility. This was tested and again 
high currents were found. 

At f:il.rst sight these results seem to disprove the 

lining up process and need explaining. It must be 
pointed out tha:t even the molecules of cyclohexane ( 66) 
and cyclopentane do show some tendency to orientate 
themselves in a particular direction in the liquid, and 
it. is therefore s·till pro-bable that a high field will 
reorie·ntate even these molecules in such a manner that 
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With regard to the.test on 3-methyl pentane it is 
only fair to mention that this co'mpound is only one .. of 
the 6 impurities detected by the chromatography, and 
it is poss-ible that i·t is one of the other impurities 
which causes the bonding of the molecules. It ·:i,s also 

plausible that each liquid on its own is capable of 
sustaining high currents whereas the mixture is not. 

Although direct c~mparison between solids and liquids 
cannot be made it is possible ~o quote an example from 
the solid state where the mobili t·y .in eac:tt of two 
elements is comparatively high, yet when one is added .to 
the other as an impurity, the scatterin~ due to the 
impurity reduces the mobility. Such .an example is any 
metal alloy (67). For example when 'zint and copper 
are mixed to produce brass, the mobility in the resulting 
alloy, and also_ the conductivity, is less than. that of 
either the two pure metals. As mentioned above, this 
merely ser¥,es as an illustration, since the mechanisms 
of conduction in a solid and that in a liquid are entirely 
different. The only conclusive test would be to test 

each impurity s~parately for high currents, an.d then 
mix these pure liquids together in the same ratio a.s in 

the spectroscopic grade hexane, and see if erratic high 
currents result. 

Even though there was no spectacular difference in 
the high currents when the liquids were changed, the 
results obtained in the different liquids used did 
nevertheless differ quite considerably. Thus the high 
currents in cyclopentane were in the ~egion of 10-7A, 

whilst those in 3-methyl pentane were nearer the 10-5A 
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region. The low currents were the same within the 
factor of reproducibility. The high currents in hexane 
were in between these two values, being in the region of 
10-7 - 10-6A. There was also a marked difference in 
the pattern of the fluctuations. The 3-methyl pentane, 
which showed the highest curre·nts, also showed the 

largest degree of instability, being unstable at the 
lowest field strengths used in the tests i.e. about 
60kV /em. :) . : 

5.4.9. Explanation of the difference between plane and 

spherical electrodes • 

. On thewhole the results obtained with spherical and 
plane electrodes were similar except for the single fact 
that there was a tendency for the high currents to· 

appear at a lower field strength with the plane electrodes. 
There are several factors which could have caused this. 
Firstly, the materials of the two electrode systemwere 
different, the spherical electrodes being chromium and 
the plane electrodes stainless steel. There were also 
differences in the geqmetries and the effective fareas of 
the two electrode system~. 

It seems likely that conducti~n currents in 

dielectric liquids are almost independant of the electrode 

material. This was found in th~ present work and that 

of others (3~no). This leaves the difference in the 

geometries a.nd the effective areas of the two electrode 
systems. On the basis of the lining up mechanism the 
difference would appear to be best explained as .an area 
dependence. If lining up does occur, it will most 
probably ~e initiated in the region of the highest field 
i.e. near an aspe,rity a.s mentioned previously. It is 
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reasonable to assume that the number of such asperities 
is proportional to the area, so that the probability of 
an aligned channel occuring at a given field will be 

proportional to the area. Since this is statistical 

in nature it explains why occasionally, even with 
spherical electrodes, high currents were occasionally 

obtained at the lower fields. There will, of course, 
be a lower limit of field strength below which the 
probability of alignmen·t is negligiblly small, and a 
higher value of field strength above which the 
probability of alignment is almost unity. Outside 
t.hese limits there will be very li-ttle area dependence. 
It is quite obvious that further worlr ·On accurately 
parallel plane electrodes of different areas would be 
useful. 

5.5. Other possible mechanisms of the high currents. 

Although the present work suggests that the high 

currents may be explained by alignment, several other 
mechanisms are given below. Any proposed mechanism 

must be able to explain the dependence of the high 

currents on the oxygen content and the inherent lack of 

reproducibility of these high currents in spectroscopi~ 
grade hexane·. It must also explain the factor of 100 
difference between the maximum.currents found in 

cyclopentane and 3-methyl pentane. 

5.5.1. Space charge mechanism. 

There have been several theories of breakdown 
proposed based on unstable space charge in the gap. By 
substituting the appropriate boundary conditions in 
solving Poisson's equation it.is possible to produce 



121. 

equations showing such instability (43) and obtain a 
figure for the breakdown strength. It should, in 
principle·, also be possi"ble to explain the high currents 

on the rearrangement of space charge, the mechanism of 

the fluctuations and pulses would then follow on quite 
simply. An unstable arrangement of space charge would 
satisfactorily explain the transitions between the 

different current levels in spectroscopic grade hexane 
but it is difficult to see why such instability does not 
exist in the pure liquid. It would appear to be e-ven 
more difficult to explain the factor of 100 between the 
high currents in 3-methyl pentane and cyclopentane. 

Even though the dependence of high currents in 
hexane on air content could possibly be explained by 
the effect of oxygen ions on the space charge distribution, 
it is reasonable to assume that the same dependence 
would be seen in cyclopentane. In fact, high currents 
were found in air-saturated cyclopentane but not in aiP 
saturated hexane. Also, the potential distribution 

between parallel electrodes at fields upto 1.2kV/cm 
. has been examined by Forster ( 68) in a variety of 

hydrocarbon liquids, and the additio"n of oxygen was 
found to have no effect. This of course, does not 
exclude the possibility that at the field strengths used 

in this project oxygen might influence the space char~ 
distribution. 

It would certainly be possible -in principle to put 
forward various complicated p~ocesses to explain all the 
observed phenomena by means of space charge theory. 
Hewever, it is one of the basic principles of physics 
that when a theory becomes involved and forced, it is 
rejected in favour of a theory ~hich still adequately 
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fits the facts and at the same time is more stra.ight­
forward. 

5.5.2. Bubble theory. 

The formation of bubbles by various processes has 

been proposed as a mechanism of breakdown { 44), (45) and 

more recently by Huq and Tropper (56) as an explanation 
of the current fluctuations (instability) seen at high 

fields. It is likely that any mechanism which can be 
used for breakdown, where the current is limited only 
by the external circuit, could also explain the high 
currents. 

It would be expected on the basis of the bubble 
theory that the high currents would show a dependence on 

hydrostatic pressure; no such dependence was found. 
Further, 3~methyl pentane, whose boiling point· is 
64°C, showed currents almost 2 orders. of magnitude 
higher tha.n in cyclopentane which has a boiling point of 

49°C. Also, the fact that the (I, V) chare.cteristic 
approaches a plateau value at .field·S just below breakdown 

seems to rule out any sort of incipient breakdown 
mechanism as an explanation of the high currents, unless 

it were of a discontinuous nature. 

5.5.3. Ionisation by collision. 

There has been no evidence so far of ionization by 
collision at the field strengths used in this work, 

i.e. 500kV/cm, although, admittedly, previous work has 
been in liquids with a relatively high gas content. 
Further, the {I,V) characteristic is flat topped in the 
high current region and it would be expected that 
ionization by collision would produce a characteristic 
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curving sharply upwards since it is a runaway process. 

Also, as mentioned in Sec. 5.4.4. the pulse shape is 
inconsistant with an avalanche process. 

5.5.4. High field dissociation of the molecules. 

The dissocia.tion of the molecules under the 
influence of the high field does not seem to be able 
to explain the origin of the high currents because of 
the lack of reproduc~bility of the results obtained for 
the impure grade of hexane. The bonding energy of a 
molecule is only negligibly influenced by its 
surroundings since the bonding is due to very strong 
internal molecular forces and the intermolecular 
interaction forces are compara.tively weak. This is 
shown by the fact that the spectrum of the bonding 
vibrations is negligibly changed in passing from the 

vapour to t~e liquid state (69). The fluctuations in 

composition would have even less effect, and if high 
currents were due to high field dissociation it would 
take place in any composition. 

5.5.5. Electron hopping process. 

In the electron hopping process the electron 
remains attached to a molecule until a suitable molecular 
configuration occurs· for its release, and it is then 

capable of travelling freely until it is again captured 
by another molecule. Using this process the high 

currents could be explained by postulating that the 
nigh field considerably increa.ses the probability of the 
release of· an electron from its trap. This would 
adequately explain the dependence of the high currents 
in hexane on oxygen, as oxygen is an electron attaching 
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ga.s, and it would be expected that it could form fairly 
deep traps for the electrons from which the field 

cannot easily extract them. 
However, this process can reasonably be rejected 

for several reasons. F'irstly, the probability of an 
electron being released from a trap by the influence of 
the field would be expected to be exponentialy dependant 
on the field. This should give a sha.rply rising 
characteristic instead of the flat topped curve. Als.o, 
the lack of reproducibility of the high currents in the 
impure liquid would be more difficult to explain on this 
model. Further,· it is difficult to see why oxygen 
should a.ct as a very efficient electron trap in hexane 
but not in cyclope'ntane, in which high currents were 
obtained even when it was air-saturated. 

5.6. Discussion of the results of other workers having 
a direct bearing on the present work. 

It would seem from the emission of light in 

transformer oil (57) and in hexane doped with anthracene 
(5~) that high velocity free electrons must be presen~, 
for the emission of this light infers the existance.of 
particles having kinetic energy of at least 2.5eV. 
However, this need not necessarily be true. If it is 
assumed that the carrier is an electron attached to a 
hexane molecule or an impurity molecule such as 92 , and 
not in fact a free electron, the mobility which 
correspondf! to an average kinetic energy of 2.5eV agrees 
very closely with that inferred from the high currents 
i.e. 2 to 3 orders higher than the accepted value in 
air-saturated hexane. This can be seen quite simply as 
follows. Let U be the velocity of the carrier which 
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corresponds to an energy of 2.5eV. 

Then !Nm2 = 2.5xl.6xlo-12ergs where M is .the mass 

of the carrier, since leV = 1.6xlo-12ergs. 
Now if the carrier is a hexane molecule M • 1.44xlo-22gms. 
From which U = 1·.18xl05cms/sec. 

Now u = E/U where u is the mobility and E is the 
electric field. At a field strength of about 250kV/cm 
i.e. the field at which high currents were found in 
hexane when plane electrodes were used, u would be of 
the order of 5xl0-1cm2volt-1sec-1 in order to have a 

kinetic energy of 2.5eV. This agrees with the value of 
mobility infered from the high current measurements. 
The actual mobility can, of course, be much less than 
this in order to produce fluorescence,- since mobility 
is only a measure of the average velocity of the 
carriers, individual carriers ca.n reach much higher 

velocities. These values have been calcula.ted 
assuming the carrier to be a hexane molecule, but the 

reasoning is still valid even if the carrier is, say, 

an oxygen ion since its mass is only a factor of about 
2.5 less than that of the hexane molecule. Also the 
fact that the glow started at the electrodes and then 
spread to the bulk of the gap at high fields is 
explained quite naturally on the basis of the lining 
up model, since it is assumed tha.t the lining up· of tle 
channels is initiated at asperities on the electrodes, 
and only starts to bridge the gap at higher fields. 

Similarly, the fluctuation measurements.of Huq and 

Trapper (56) appear to be well explained by the lining 
up mechanism, in which it is proposed that fluctua.tions 

are caused by short-lived aligned channels, (see Sec. 

5.4.3.). Their finding that oxygen quenched the 
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fluctuations is in agreement with the findings of the 
present work and the binding·mechanism proposed for 

oxygen, Sec.5.4.6. Whe·n the liquid was subjected to 
a non-uniform field, these e.uthors found that the 
fluctuations increased with the presence of oxygen. 
This also agrees with the findings of the present 
project in which fluctuations in air-saturated hexane 
were so large at very high fields the.t reliable current 
readings could not be obtained. The.reason for this 
is that because of binding effect of oxygen, fluctuations 
do not occur until a very high fie-ld. is reached, therefore 
when an aligned channel is fermed, the current is 
extremely high for the very short time of alignment. 
With the point-plane configuration used by the above 

workers, the electric field strength near the point is 
much greater than the avera.ge field so the.t the 

momentary high currents in the short-lived aligned 
channels give rise to large flt~.ctuations. 

Further support for the lining up theory might 
come from the viscosity experiments of Hart (60) and 
Coelho ( 61) • The lat:be·r, using pure heptane supplied 
by Philips Petroleium Co., U.S.A. found an increase in 
the viscosity of the liquid in the direction 
perpendicular to the electric field. This could point 
to some rearrangement of the average cenfiguration of 
the molecules, for viscosity, like mobility, is solely 
dependant on the intere.ction potential between the 
constituent molecules, and this in turn is dependent on 
the radial distribution function. Hewever, this 
increase of viscosity produced by the application of the 

electric field might be due to some other cause such as 
electrestriction. This would also alter the re.dial 
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distribution function a.nd could produce a change in the 

viscosity. 
Goodwin (59) has reported evidence that in polar 

liquids at least, conduction occurs in ~ilGmentary 
channels. Although the liquids used in the present 
work are non-polar, it is possible, that at the very 
high fields at the electrode surfaces, the dipole 
moment of the induced dipoles is comparable to tha.t of 
the permanent dipoles in polar liquids, (see Appendix C). 

Lastly, Inuishi (70) has found evidence ·of high 
mobility carriers in hexane. Using the rate of charge 
method for measuring mobility, there were occasions 

when the initial rate of cha.rging indicated the presence 

of carriers with a value of mobility approximately 100 
times greater than the accepted value of""l0-3cm2volt-1 

-1 sec • These results have not·been published as 

Inuishi felt unable to accept them as being valid, and 
ascribed them to some unknown factor in the experimental 
technique. However, from the_ good agreement with the 
value of mobility inferred from the high current. 
measurements in this project it_ would seem that they were 
in fact perfectly valid, and correspond to the bursts 
of high mobility carriers due to the short-lived aligned 
channels which a.re postulated to be present in air­
saturated hexane at high field~. 

5.7. The source of the carriers. 

'rhree possible sources of carrier production at 
high fields are listed in Sec. 4.1. Process (3) , 
ionization by collision, can be ruled out with a 

reasonable amount of confidence because all the available 
evidence shows no sign of such a process occuring in 
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liquids at the field strengths used in this project. 
Process (1), field aided thermionic emission and cold 
cathode emission, are exponentionally dependant on the 
work function of the cathode, and this in turn is very 
sensitive to the e~act condition of the cathode surface. 
For instance, an absorbed layer of positive ions will 
reduce the work function while an absorbed layer of 
negative ions will increase it. To a lesser extent, 
the work function also depends on the crystal plane 
presented to the field, very close packed crystal 
planes having higher work functions than atomically 
rough ones. A further difficulty is the fact the.t the 

exact value of the field at the surface of the ce:thode 

is unknown. It is therefore difficult to prove or 

disprove these processes. 
The fact that particles are able to move with and 

against the direction of the field shows that there must 
be positive charge in the gap, so that besides cathode 
emission processes there must be another which produces 
this positive charge, both thermionic and cold cathode 
emission being only capable of producing negative cha.rge. 
In any case, the current is almost ce~tainly space 
charge limited sinde there is little or no dependence on 
the cathode material. Attempts to prove or disprove 
cathode emissi-on processes by the production of field­
current relationships with a certain Slope are in all 

probability completely fallacious. 
Process (2), high field dissociation of the molecules, 

is of course independant of the cathode material and can 
also explain the existance of positive charge. A 

modified version of this, field ionization, might also 

take place, and could ·explain the motion of the particles 
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at high fields. rrhis process is easily understood 
from the diagrams shown in Figs. 54A a.nd B. In these 
diagrams, which are shown for the ls electron of the 
hydrogen atom, the dotted lines show the potential well 
seen by this electron in the absence of an electric field. 
It is of infinite width and the proba'bili ty of the 
electron tunnelling through this barrier is therefore 
negligi'bly small. In a strong electric field the shape 
of the well is changed to that shown by the full line· in 
Eig. 54A. The electron then sees a well of finite 

width and the probability of tunnelling through it is 
finite. l!'ig. 54B shows the situation when the a:tom is 

near an electrode. Here the image potential of the 
electron in thqmetal further reduces the already 
diminished barrier width. Thus at very high fields 
the electrons are able to tunnel out of the~.atom or 

molecule into the conduction band of the metal, in fact, 
l!'owler-N·ordheim emission in. reverse. The dia.gram.s 
shown are for the hyd·rogen atom, but for molecules of 
hydrocarbons somewhat lower fields would probably be 
necessary since they have a lower ionization potential. 

The mechanism of particle movement is then this. 
Consider a particle situated at the cathode. Electrons 

emitted from the cathode charge the particles negatively 

and it is then repelled towards the anode. rrhere the 
particle is first discharged and then becomes positively 

charged by field emission. It then moves towards the 
cathode, this process repeating itself continuously so 
that the particle performs continuous oscillations 
between the electrodes. 
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5.8. Breakdown. 

It has already been pointed out in Sec. 3.14.1. 
that this project was mainly concerned with conduction, 
and conclusions about breakdown cannot be drawn from 
the insufficient experimental results obtained. 
However, a few negative conclusions are made in this 

section and a further possible model for breakdown· is 

suggested. 
According to the particle mechanism of Kok, the 

electric strength is limited by particles bridging the 
gap, and·in pure liquids the molecules of the liquid 
itself form the bridge. No significant difference was 
found between the breakdown strength of cyclopentane and 
cyclohexane which have ring structure molecules, and 
hexane, which has straight chain molecules. Further, 
the breakdown stren~h was unaffacted by particles of 
several microns in diameter bridging the gap. It 
would thus seem, that under the present experimental 
conditions at least, Kok's theory is incapable of 
explaining the experimental fe;cts. 

It would also appear that the thermal mechanism of 

breakdown can be discarded as far as the experimental 

conditions in this project are concerned, since no 
difference was found in the breakdown strength of liquids 

whose boiling points differed by as much as 31°C. A~ 
there we.s no apparent dependence on energy input, as the 
current could vary·by as much as three orders of 
magnitude at high fields in spectroscopic grade hexane 
without any noticeable difference in the breakdown 
streng:fih. This, of course, is not entirely conclusi~ 
because at the instant before breakdown the current 
might be in the same region in both cases. 
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A mechanism which might occur is the transport of 
electrode material from one electrode to the other 

under the high stress of the electric field. It has 
been suggest~d in Sec. 5.4.1. that at the electrode 
surfaces local fields of 108 - 109v;cm exist. Now 
the outward force 0n the surface of an electrical 
conductor situated in a medium of dielectric constant E 

2 . 2 
is given by F = E X dynes/em where X is in 

8 TT ( 300) 2 vol ts/cm. 

If the local field, X., is 108v /em, and E for hexane is 
taken to be 1.9, F = 8.4xl09dynes/cm. 

Now the tensile strength of steel is 4 - 8xl09dynes/cm, 
so it can be seen that a local field strength of 
108v/cm would be sufficient to brea~down the electrode 
in the region of this high field. 

When the electrodes were examined under a microscope 
after a single breakdown, the cathode was found to have 
a single deep pit of comparatively large diameter and · 

the anode many small, shallow pits, and did indeed give 
the impression that a piece of metal had been torn from 

the cathode, and the small pits on the anode were the 
·result of bombardment by fragments from this piece of 
material. 

This process could explain the lack of dependence 
of breakdown strength on the liquid bo-iling point and 
the current level; as it is purely a field effect, and 
depends only on the maximum field strength at the 
electrodes. On this model the higher strength obtained 
with the spherical electrodes would be due to the fact 
that chromium is mechanically stron-ger than stainless 

steel (the spherical electrodes were chromium and the 



132. 

planes were stainle·ss steel). It would, however,. be 

difficult to account for the increase in the breakdown 
strength with oxygen content, unless, in some manner or 
other, the mechanical strength of the electrode surfa.c:es 

is influenced by oxygen which they absorb from the 

liquid. While evidence of this process is very scant, 
it must nevertheless be taken int·o consideration until 
evidence is available to discard it. 
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6. Conclusions and sugRestions for further work. 

In the preceeding chapter a mechanism for the 
high currents was proposed based on the realignment of 
the liquid molecules which allows an increase in the 
mobility of the carriers by a factor of two or three 

orders of magnitude. Evidence for this process can 

be summarised as follows. 

(a) The inherent non-reproducibility of the results 
in spectroscopic gra.de hexane can be satisfactorily 
explained on the basis of this model. 

(b) A factor of approximately 100 was found.between 
the high currents in 3-methyl .pentane and cyclopentane. 
This would seem to indicate dependance on molecular 
shape. 

(c) The flourescence found by Darveniza and others is 
adequately explained by this model without having to 
postulate the existance of free electrons. 

(d) An increase in the viscosity of pentane in a 
direction perpendicular to the electric field was found 

by Coelho and could possibly indicate realignment of 
the molecules. 

(e) There is some evidence that in polar liquids the 

current does in fact flow in filamentary channels. 

(f) Inuishi has found carriers at high fields whose 
mobility was approximately 100 times greater than that 
of the low field carriers. 

(g) The values of high mobility deduced from the high 
currents obtained in the present project and tho·se from 
(c) and (f) are of the same order of magnitude. 



However, the evidence, although stron~, is far 
from conclusive. Mobility measurements a.t very high 
fields in highly degassed hexane would be extremely 

desirable, both from the P.oint of view of the present 
work and the fact that as far a.s is known, all mobility 

mea.surements have been made in liquids with a 
comparatively high gas content, and they might not in 
fact give the intrinsic mobility of the natural carriers 
in hexane. 

If it could be established that at high fields 
carriers with a mobility of the order of lcm2volt-1sec-1 

are present, it could mean a new tool in the study of 
conduction in these liquids. It might then just be 
possible to carry out experiments of the Hall effect 
type, which could give the mass and sign of the charge 
carriers. 

The lining up process might be a more difficult 
process to detect directly since it is pre·sumed that t-he 

alignment only occurs in filamentary channels of 

microsecond duration. Any method designed to detect 
it would therefore have to be extremely sensitive, as 

the ratio of the&igned liquid to that of the bulk of 

the liquid is very small. This would seem to rule out 
X-ray techniques, because a.t the present time, X-ray 
techniques for measuring the radial distribution function 
in liquid.s are not very accurate ( 71) • An accura.te 

det"ermina.tion of the dielectric constant of the liquid 
at very high fields might detect a field dependence of 
the polari.zabili ty of the. molecules, but whether or not 
the realignment of molecules to follow the displaced 

electron Cbud as proposed in Sec. 5.4.1. would influence 
the dielectric constant needs much further thought. 
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A mechanism for breakdown has been proposed as 
an additional possibility to be considered. This is 
based on the tre.nsport of metal from one electrode to 

the other. This could possibly be proved by accurate 
weighin·g of the electrodes after a large number of 
unidirectional breakdowns, and might prove a useful 
experiment to perform. 
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Appendix A. 

Effecti~e area of 1 em dia. snh~rical electrodes. 

Without any exe.ct knowledge of the space charge 
density in the gap it is impossible to make an accurate 
mathematical analysis of the field distribution between 
two spherical electrodes. As a working rule, providing 
that the current is not saturated, it is not unreasonable 
to assume that at e. point where the gap length is twice 
that at the centre, the ·field strength is reduced 
sufficiently to assume that the majority of the current 
flows through the a~ee. insid'e a circle, having the axis 
of the electrode system as its centre and the above 
mentioned point lying on its circumference. 

FIG. 58. 

When the gap 

Consider the electrode arrangement 
shown in Fig. ;8. 
Then (2R - h)h = r 1 

:. 2Rh - h
2 

• r'2 
Now h is very small compared to the 
other quanti ties in the expre.ssion. 

r2 
:.h- ~ 

2d = the gap length = 50p. 
:. when h = 25}l, then the 

distance D, will be twice the ga~ 
length 2d. 

2 

.0025 = f- since R = 0.5 ems. 

~= .0025 sq. ems. 
· and the effective area =Tfr2 = 0 .0079s,.cms 

approx. which is approximately j sq.mm. 
a length is lOOp then· r • .0050 sq. ems. 

and then the effe.ctive area is approximately ·1. 5 sq. mm .• 
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Appendix B. 

Pulse observation of. charge movement between electrodes_.-

. ··I .A 

FIG. 59. 

. . 

· In fig.· 59, ·A and B are electro4es 
·,of unit cross-sectional area. 

: · C~nsider a laye:r of charge of· 

thickness ~x at a distance· x from B· 
·'' 

· and moving with· velocity v. 
The· '"'_ork done in moving this l.ayer 
~ distance dx = ·ntx>e.A.x.Edx w~e~ 

n<x> ·is the. charge. ~ansi ty at x,, ~ · . . 
is the charge on each carrier and E. 

is the electric ti:eld. 
Now this.energy_ie supplied by 

th~ applied volt·age and is equal to Vilt)dt -.where Utl is 
the instantaneous current in the circuit. :. n()(.)e.A)(. E dx= ViCtldt 

_.·. i (t) :a y ._nlX-)AX ••••••••• -•••••• ll) 

since it is assumed_E =~and dx_ = v = velacity of ~he 
dt charge layer. 

Now cons1.der the circuit shown in· ·fig. 60 • which is the 

VOL TAG~ 
$0UR.t£ 

FIG: 60> 

TO C.P,.O, 
VII' C.ATHOOE 
FOL\.OWER-

.c. 

circui~ used in this pr~ject. -_ 

In this Rs and cs· are the resist~ 
ance and capac1 tance of the: 

. . . 

voltage ~ource respe~tivelY.• 
R is the_"measu~ing resistor. 
For pulses in the microsecond. 
re~ion Cs can be. re·garded as an 
effective short circuit (the· 
input oapaci tance _ ot sour_ce 
was ·at least .002)iF) so that 
the· effeotive-~ircuit is that 
shown in fig. 61.. ·Here C 1-s 
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~1 v~n ~Y o a: Qgap + c across R + ( ~nput ca.pa.ci tance of 
·cA~hode follo~~r: etc •• · 

: The equation .. connecting the_ inatfUltaneous.- current ·and .. 

tl:le voltage V is gi ~en by 0 -~ + t = i ( t) ( 2) . 

The solution of ( 2) iei given by · 

V ~··te"":b.._{J~e+& i(t)dt} ..• < .... ·----(3) when·V is the 
0 

· . ·addi t"iona.l voltage. due to the pulse i.e. exc~uding the 
s~e.nding voltage ofthe source. · · 

If the curr~n~. fa· due ·to a. charge layer,· then from (l) 

ilt) ~ ~ .·F'\(X). AX == u. N . 
. ~- . . d where N· is· the "total. 

n11mber of carriers. 

. :·. -i.lf). ~ ~- ~ -c.ons t .. for o < ;:.: < ~ where 1:.. is the 

time of transit. 
When. this is su·bsti tuted in ( 3).· the solution is then· 

V ~ Ndev R ( 1.- e '-be ) for o < t < 't . ~ . ___ .- _ ( 4) 

. V is the voltage: acros_s R~. 
·wh~~ .t_h:e, ti;u:1e constant. of the ·circuit RC~ 't the pulse· can 
attain fUll height during ~he transit time·()~. the char~e 
layer, and the pulse shape is then as -shown in Fig. 62. 

v 

V~na.• 

~ In this VmQx •· d v R. 

When RC >> 1: :the quantity 
contained in the bracket 
in expression (4) can be 
expanded to give 

. . 

V = Ne·v R( 1 _ 1 + · t) 
~ · . ell 

FIG .. 61. · = N£~Rni : ~!r t _ -.·.--. ( 5) 
. -t. . 

since. c..R is ·small and t·erms o~. 2nd ·.order an_d great.er can be 
n~glect·ed. 



Th~e V is· a linear :function of t fo.r o· <:t < ·-c and the 

·form of the pulse· 1$ :t·he:n .as shoWil bi .~ig. ·63. .V.. 
When. t = -r , v =. ~ .'J:=-~ 'r · = !ie · ·- ·· . · .. ,: .. ··_ .. t'. 

,· t .. ; '" . . c. 

sinC:e_ f = y:. 

FU~.63. 
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When RC lies between these· two ·extremes the pulse· shape 
is ~a e·hown :in 'f:i.g~ ·64. 

.In this, . the curren·t; d~es 
not· decrease ina:t~nt:l_y 

. ·for t··. :;.1: ·but tl)e-~e is ··a:n 
. . expone~t-ial de.cay .becaus~­

.of the time con stan~ . of 

.. ... 

.vm~• ·- . . ----------- --. .. .. . . . 

the ·circuit. t 

FIG. 6:4. 

Continuous charge production at·an electrode. 

In this case, from (.1)_, ilt)=e~t . ·where ~<i:, 

··._using f = ~ ·., and ·N is the 

. numb~tr of carriers produced in . 
unit time, 

·and -i.(t) = eN 
for t ~ t: 

The s-olution of { 3) tor these two condi tiona is then 

V (t l = e N P. [ t - R C. (1 ~ e -n. )] f or t < 't 
'l: . . 

V (t' = · N b [ Rt. ( . ~ ) - 't -1: > 1 f t ""' , e" 1--:r .•-Rc. e ·_R~ · ·or-~ .... 

I This again can be divided. into two extreme cases, 

RC.)>''tand RC.«1: , these are shown in·figs.' 65 and 66 
·respective-ly. · 
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v v 

R.C>.>~. . Rt << ".: 

L-~----------~~~-.t 

F'IG,_65. F'IG. 66. 

The signal is ·then much larger than previously because 
there is far mo-re ·charge in_ the gap. 

When the charge production is·euddenly stopped the . . . 

cur~en~ w~11· decay a~ shown ~n either .·fig. 67 or 68 
de-pending on whether RC. » "t or RC« "t. 

v - v 

R.C.>> ~ RC.<<~ 

FIG.&t FIG. 68!· 
Therefore,· if- the fiow of charge is suddenly halted, 

the current does not sto·p instantly, but decays gradually,._ 
the rate of decay of the v:oltage depending on the time 
constant. _Thus, if many pulses follow each other 
rapidly the wave shape would resemble the form shown in 
F.1g •. 69. 

~-----------------.t 
FIG, 69. 

Secondary processes a.nd space charge. 

Equation ( 2) ·can also be used where sec-ondary 
processes occur, such as electron mult-iplication, by 

putting in the correct for.m of·i(t)~ . It is found that 
when secondary processes are present, the wave shape is 
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. considerably chan~ed f-rom. t~e forms . ·gi ve:n above. 
When space· charge i.e· present, the field w_ill not be 

: giye~ _by "f. an~. equati.o~ .( 1). _wili. t~en_. not b_e · valid.- . 
Howev~~. in ~i"quida there ia good. te.aeon both .· . 

. e·_xperimentally ( 27 >", ( 2"8) fmd _theoretically ( 26}. to 
·believe that -the. apace charge· is ve.ry ·.close to the · . . 
electrodes, so that ·o-yer ·t~e· gree1:ter part· of the gap E 
1a constant; .The ~me.ll. time. the· carriers spend in the 
non-uniform. field near the ele-ctrodes would not show on . . . 
the ·o.scillograms -taken in this project. · ·' · . - . . . 

.' '· .. 
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ApPendi_x 0. 

The effect of- ve.ry hiSh ~lectric fields on the real1pent 
· _ of non-polar,molecules 

It has be~n· .Proposed in se·c. 5. 4. that many of the 
phenomena which occur in dielect~ic liquids when they are 
f3Ubjected __ to---a-- higb elect~ic field could possibly be 
expl'ilined in te·rma· of realigDment of the molecule-e-. It 
is therefore ~ecessary to examine· tbe -possibility _of such 

-a .proc_ees occuri~g in ·a more quantatitive ·mlmn~r. · 
. . - . . 

Witbou~ ari ·e~a.ct ··Jtnowl~dge of: the ·interaction fo-rces_. 
l)etween 'the :mol~culea it ·.is. impossible to pr~duce a 
rigor~us quantative tbeo~y- for an alignment· pr_oce·sa. 
However., a fe.w si-mple arguments will be put forward- to -­
show that su-ch a process is physically plausible. 

Since ·a liquid ·is- an· isot:ropic med~um the Cla.usiua­
Mosotti equat_ion will h_old, i.e. · 

- .l.: -~ (E -I) 
. ~ ~ :4TT N_P T+T where, 
~K = polar:tsabll1ty ,. 

-M ~ mole·cu·lar .. wei~t. of- the Jbolecule. ~86· for hex'ane-, 
N -ia. Avogad~o:' a num~er ~ ·6.0.23xl.o21- :~ -· · 

• • I • • • • ' • 

- p -~.-density_ of the'· liquid = o .• -.67 .. fo~ .hex~e-_. 
E .a: -cliele-~tric · conat~t = ·1.9. for hexane. ·.· . _. .. . . .. 

From ~hich· 0<. ·:.- 1.65xl0-~J a·~s-~u. _ .. 

~.ow w,·· -the- ene.rgy of· a pol~~iaable mo.leoul~- in ~ 
electric fteld ·is giv$n by w- •· i. 0( 12. ~o -t_hat. wh'~n 
E: = 300kV/c~ -= lo3·e.-~·~~-~' _ W ··8.2xlo•l8e-~~s~: . 

•' 

. If th~ tiel~ .mu-1 t~pl~c-~tion f~ot'or. M due -~,o ·the 
· combined e~fect --:of ._fte'td, · en)la.p.cemf;lnt ·a-1;·- aspe··~i tif;ts- and 

s-pace charge- -is ~20, ·- eaaY;- then· w ~ 1.65xlo-l5 ·ergs-,· ~d · . 
, .. _ ... -- if·M···= 200 t_ben w = 1.65xlo-+J ~~gs;,; - · ... ,.,,. · _, ,-_,_ 
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. .-··Now t.he polarisab1li ty of two a1;oms chemically 
' .· .. bon~ed ··~a giv~n 'by c<e ·== .~."~os2'e +ot.J.'r.in~e C72) wh~re 0(., is 

. .'the· polar1.sab1.11 ty in a dire.ction inclined at. an 'angle e 
::: ·.to the e1e.¢tr1c field •. ·. o<.n a.nd o<.1.are. the polarisab111t1es 

.. · ... ,in' the. directlons. parallel rmd ·perpendicular to the 

direction . of ·the· bond~ res.pecti:vely. Averaging o.ver all 
orient~tio.ns .·g1 vea"·. ·o("" = i.· {0<.11 + 2. 0(~ }. · 

Tc;l. a ':first· approximation the pola.riee.bili ty of· a 
molecu~e 18. ·~~ v~n p~ ~the .suin 'of the. p~~·ari~abili t.i.es of the 

ae.para~e bonds·. Fo~ the hexane molequle OCu arid O(.L for ·the 
.. c - 'c' bond are lfr~a and o.~xlo .. 25om3 ~espectively while . 

for the: C ..:. H· bond the values· ·are 7 .g· and. 5 .8·. 

Thus the proport~on ·of oc. due to the· five .0 - · c bonds 
is .. ; x 5 "(18·8 + 'l. ~ o·t) . 

· t X. 5 X (1.1~8 + 'l.' Jt 0 •f.) +j~el41t(7•45-t2'lt5•8) 
= 0.26 

It is easily seen that· the main depende~ce of~ upon· e 
is due to t}):e C - C b'ond, as follows. 

Por the C - C bond 

. . 
For tbe C - H bond « 8 • {7·9 lo~"~e ·+ s ·s $1n'le l :x 1.o-ts tms 3 

= \Z·I t·O!»~& +S·9.hos'Z.e .. ~,n1.e)l•lo.15cm~3 
\ -Z 5 . '5 · = \'2·1cos'e +S·~,,.,a ·c.m5o •. 

. . . .:n~rgy 

Thus, as a rough .. ap.pr~ximation only the orientation-!' of the 

c· - 0 bonds ne·ed be· considered, and for M = 200 ·this is 

approximately 0,26 ·x 1.:65 x lo-l3 = ·4.3 x 16-14 ergs. 
If !iS is the pot.ential ·energy of· the· ·molecule in the field 

.of 1 ts ne·ighbours and ·f (e) is. ~he angle dependenc~· of ~ , 
. then 'the potential .energy of 'the molecule .at an angle 9 . 
. to tbe electriC· field is W8 • (9) f (&} - 4·3lC 10_,._, cos~ e) e,rg!it. f (9) 

will,, 0~ ·course' be di~f~rent .for each molecule since the 
. . 

equilibrium .orientation of the. molecules is random. 
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Now the ratio of the ·l)robab_ilities ·of the molecule . :. -""•· I -Wttt 
.. befr:.,g· at angles ·e.' and e~ ~a e ~ ~ iT. 

:. i,t.'e~, · .~ 0° and ~~ · =· go0 th~ ratio. will b_e 

e ~ l (tfJ.f.(Gj·)·- ~~ (90°)) ~. ~-3 IC .~-, ... } /k T~ t:t 300°(. ~ T·=4·htU);:gl. 

·From experiments on the activation.energy of the 

viscosity of_ hydrocarboJ?, liqU;ids ( 68) the p·~tential energy. 

of a molecule in the ·:riel4 -of its l'leighbouring m·oleoules. 

:1~ in the region of_. o • .leV' ;i.e.; 16xlo•l_4 e~gs. . Thus. 9J' ·k T . 
. and the ch~ge .. ili' e~ergy. due to ori~p"f;_ation. are 'ali" o'f the 

s.a.me order of magnitude, and whether or not the molecules 
- . 

Wi:ll te~d to line up will l;Je .strongly dependen~ .on the_ 
· form of fCe) • In the· case ~here /_<e) is not a .st~ong 

function of e, _the ratio of tbe probabilities o·f finding 
the particle a~· 0° an~ 90° .will b·e . e ll ~ .2 ·16·-~ i'l; ... M = 200 · 

4·:S l( 10-z . • . 
o.nd e 4·1 · ·= t·OI . 1f M = 20. 

· Thus, if M = 20 t~ere will be a small tend;ency for the 

.molecules to rotate in. th~i- 'di:fecti.on of the fittld while 

if M • 20~, the deg~ee ~f rotation will be very high 

indeed. 
In view of t.he fact that the degree of alignment is ·. 

very_ .sensitive to the fo;z;m ice) it might be- expe·cted that 
. . ·. . 

the: degree of reorientation woul4 be different for · 
d.ifferent liquids. T~is would. explain the variation of 

the ·maximum current _found in the. different· liquids 
·used (see· Sec. 5.4~8.). 

The above .. arguinent ha~ ~een based on the a.ssumpt~on 
that the polarisabili ty · ~f a molecule_ is conr;~t~t. In. 

fact it has been .prQposed · on theoret.ical groun·d·s, that at 
· fi~lds of 108v/cm it· is··str-ongly tield. dependent (64). 



·, 

"' . .. ,.. . ~-

:. 

·. ~his· -~oul4· ~a~e·. the: e:f.tect· of further 1nc·rea~1~8. the· 

energy· ot: the molecules ·1n. t·be. ele.ctrfc f'-eld and: the 
·pr_o~abil:tty of ~;J,.i~e~t. ·. 

~· -: ·----: .... 
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