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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/em and breakdown. These ligquids 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.

Steady currents in the region of 10~
recorded, these being greater by several orders of
magnitude than those found by other investigators under

6A have been

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 breakdown. 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 variation in the
pattern of the instability when different liquids were
tested.

When using 3mm diameter, 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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l. 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 containing a large
quantity of dissolved air, and when fhis 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 reduced, showed that the breakdown
strength of hexane is as low as 500kV/cm. The

current in this highly degassed liquid was still
erratic, and varied between several levels even though
a constant voltage was maintained. The maximum value

of the current was in the region of 10_6A,

The present work is in fact a continuation of that
initiated by Morant, 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
results 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-resﬁits obtained by House (3)
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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 degasséd
liguid 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 project.

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
breskdown.



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
chemist. Sensitive apparatus is readily obtainable
which can analyse a mixture accurately to onepart in
a million. The name is derived from éarly. expériments
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 when 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 intreduced 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




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.

S 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 .
f 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 (99.999% pure argon).
Gas flows from this cylinder through a cobled tube, B,
containing Linde Molecular Sieve, grade 5A, in order to
remove impurities from the gas sfream, and then through

a copper spiral,C, immersed in a freezing mixture of



e e e L e e e e R

8 c
A r-
|
|
]
I
|
> < i
I
|
i
I
|
I
~ ]
L_
STATIONARY
PHASE —
B CARRIER EAS S FIG.3. SCHEMATIC DIAGRAM OF CHROMATOGRAPHY APPARATUS.

FIG.2. SMALL PORTION OF THE ]
COATED: CAPILLARY TUBE.




solid carbon dioxide and methylated spirits in erder
to remove moisture. These were later discarded as
their presence produced no noticeable improvement.
Prom 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
gsome 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 carried into a splitter H via a
second preheating column G. H is 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 injects a
standard amount of 1.3 p litres into the system, and
gince this is more than the eell 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.



2.1.3. Filling the capillary tube.

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 pétroleum ether. = A 10% solution of squalane
and petroleum 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 apparatus and argon passed through at a pressure
of 2 atmospheres, the column 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
the 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 hydrasulic 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 and its electrical circuit.

The detector employed 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 transfer 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 obtained by simply measuring the
area under each peak in the chromatogram.

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



DETECLTOR

4

BALKING OFF CIRCUIT
§ ' VIBRATING
REED
H.T. : VOLTMETER
]
|
+ I
]
|
\
1
FIG.6. ELECTRICAL CIRCUIT FOR THE CHROMATOGRAPHY
DRTECTOR CFLL
B
'u‘ c
e~ AN
SEAL
D
A U

E

F1G. 8. TEST CELL FILLINC AND FLUSHING SYSTEM,




figure, so that this limitation is not a serious
drawback as far as the analysis of hydrocarbons is
concerned. .

The electrical circuit is shown in Fig. 6. and
is self explanatory. The backing off cireuit is made
necessary by the fact that the standihg current is
approximately 10_6A whereas the smallest signal

required to be observed is of the order of lO_loA.

2.1.5., Attainment of the maximum resolution.

The attainment of the maximum 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.3. 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 tempersture, 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 becoming comparable
with the signal. Both the noise level and the
standing current were found to be approximately 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 elimination. 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.

The precise fesolving'power of the apparatqg was
not measured because it was not required in the preéent
work. Howevér, an idea of the resolution of the
instrument can be obtained from Fig.l4 in which it can
be seen that the area of peak 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
approximately 1l; 1,600 to the total, i.e. less
than 0,1%. |

2.2, The degassing apparatus and the procedure.

2.2,1. The degassing apparatus.

The degassing apparatus which was used to purify
all the liquids used in this work, is dra@n
approximately to scale in Fig.7. This is basically
the apparatus used in earlier work by Morant (2) but
with small improvements made during the course of the
present work.

In this 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. pow
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10.

sitieone—grease—in-thess—3aps., They were therecforae
repiecod—with §rease1ess taps manufactured by

G. Springham and Co. which have "Viton A" as the

sed,
sealing materi al,"e euAs far as is known this material
is inert with respect &6 hexane. However, tap P was

of the greased variety because at that point a large

bore pipe was required in order to obtain sufficient pumping

speed, and a greaseless tap 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
made clear in the sections on the degassing procedure,
Secs., 2.2.3 and 2.2.4. |

The backing pump was an oil-filled rotary pump
manmufactured by Edwards High Vacuum Ltd. model 1SC50B,
capable of producing an ultimate wvacuum of 5X10_3torr.
A 20litre/sec. capacity mercury difussion pump of
G.E.C. design, capable of producing an ultimate vacuum
of the order of 10_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 O with liquid air or nitrogen. ' Emitted
vapour then condenses on the inside of this trap as a
s0lid 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 apparatus was evacuated using the diffusion bump
until the degassing rate was of the order of 10_7lusecs.
A rate of vapour evolution about 10 times this
magnitude was tolerated since in any case the majority
- of thgﬂggblved 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 required to remain degassed
for as long as possible.

2.2.3. Rough degassing of the liquid. -

stage-
The firstA%f the degassing was done as follows.

A mixture of ground solid carbon dioxide and methylated
spirit was placed around reservoir D, Fig.7. A small
amount of the cooling mixture was also puf 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 lﬁ pore size.

When sufficient liquid had collected in D, tap C
was closed, traps E and F filled with the cooling
mixture and the dewar rémoved from D. Liquid then
began to drip off E and fill reservoir I, and since
this was a fairly slow procedure taking approximately
90 mins. for the 50 ccs. of liguid contained in D to
distil over, it was reasonably well degassed at a pressure
of the order of 10f3torf.

2.2.4. Final degassing.

The final degassing, which was done at a pressure
of 1072 -107°
rapid distillation between room temperature and -182°¢

torr, consisted of two stages, a fairly

(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 méthylated spirit cooling mixture was
placed around L and a small quantity of liquid air
poured into the spherical trap M in order tomevent
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.

Tap J was opened and the liquid allowed to
vapourize from I and condense as é s0lid 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 liguid allowed to collect in L. It
was then ready for the last stage of degassing. For
this, trap N was filled with cooling mixture snd a
little was also placed around trap O. 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 M and the tap P immediately
opened to the diffusion pump. There then followed a
slow distillation of the liquid from I which was at the
temperature of the surroﬁnding cooling mixture (—79?3
to M, which was at the temperature of the liquid air
contained in it (-182°0). This process took
approximately 4 hrs. after which,the liquid was quite
thoroughly degassed at a pressure of the order of
10”04 orr,

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 liquid 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 amount of liquid which
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condensed into O was allowed to remain there. The
cooling mixture was removed from N, liquid air placed
around 0, and when the liguid had solidified in both O
and R, tap P was opened to the diffusion pump once
more. The test cell system was then sealed off at the
pressure of the diffusion pump, i.e. approximately
10"%40rr.

2.3. The test cell filling and flushing system.

In work on conduction in liguids it is desirable
to have a circulating system so that the liquid in the
test cell can be changed, and the electrodes flushed
between tests to present a new sample to the electrodes.
Violent flushing clears the gap of particles which are
sometimes 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 glass
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 (10-6
conventional taps were hot used.

torr) for periods up to several days,

The system is shown in Fig.8 and it is operated
as follows. To £ill the cell C from the reservoir A
(A in this diagram corresponds to R in Fig.7) a little
of the cooling mixture mentioned in Sec. 2.2.3. is
placed in trap B. Liguid condenses onto the inside
of B, drips off into C and is prevented from leaving
by a block of solidified sample which 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 block
allowed to unfreeze. Becauge the whole is under
vacuum, the liquid flows out of the cell with a
flushing action sufficiently violent to remove any
troublegsome large particles which might be lodged in
the Eap.

2.3.1l. The test cell and preparation of the electrodes.

The test cell was of the demountable type and so
constructed that the gap length could be varied while
the cell was under vacuum. As mentioned in the previous
section, 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.9. The
upper electrode is fixed to a metal spring-bellows and
movement of this electrode is controlled by a
micrometer head so that the gap length could be
ad justed to any value required within + 1n. 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 madé by means of
e 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 reduce 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 lMorant (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'gréde diamond paste was used and
conditions were carefully controlled to exclude
atmosPhefic dust as far as possible. The 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 always present which could not be
removed, and were probably caused by minute particles
from the polishing enclosure which settled on the
polishing cloths. To polish plane electrodes a
special jig, Fig.l0, 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 that the gap length

at diémetrically opposite pointé of the gap did not
differ by more than 2 microns (the effective diameter
of the electrodes was about 3 x 1o3u).

Before replacing the test cell assembly in the
glass bulb =2 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 condenser 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
and 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 N103) capable of supplying a
continuously variable voltage from 300 to 3,300V, with
a maximum low frequency ripple of 150uV 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, Fig.ll. For this a commercial
vibrating reed electrometer was used (Vibron, Model 33C
manufactured by Electronic Instruments Ltd.) in
conjunction with a bank of measuring resistors ranging
from 3X10° to 10-%ohms. The 107 to 102
were included in the Vibron electrometer head (Type
B33C) and the 33%10° to 107 ohm resistors were contained
in a screened box and designed to be make before break

ohm resistors

so that the desired resistor could be selected without
interrupting the voltége supply. The voltage range
which the electrometer covered was 10~% to 1V and

when used with the 1012 and the 3.3X105 ohm resistors
the smallest and largest currents which the electrometer

“16 ona 3X10°4 respectively.

could cope with were 10
For permanent records a pen recorder operated from the
electrometer was used.

For gxamination of fast pulses in the microsepond
.range, a‘Tektronix oscilloscope (Model 545A) was used.
This had a maximam sensitivity of 0.005V/cm and a
bandwidth of 35Mc/sec. The pulses were fed through the
'3.3}(10'5 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 gap 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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ad justment of the micrometer head. Readings 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" and the powerpack put on "Standby".
This, in effect, placed a 107ohm resistor across the
gap while the voltage was being changed. The required
voltage was then selected, the powerpack switched on
to the desired polarity and the electrometer controls
set on the correect range. This procedure took
approximately 2 secs..

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
cell 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 D are
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 aeccuracy.
The connecting tube G ensures that the pressure due
to the vapour above the surface of the liquid in A is
the same as that sbove ::i 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 the reservoirs could affect the results.

Viscosity is very temperature dépendent 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 guantity of
ice and water which was continuously stirred by means
of a2 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
connected 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 Secs. 2.2.3 and 2.2.4 and then brought into the
resexrvolr 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 greafly 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 liquiad
using spherical electrodes, mainly in order to reprbduce
the results 6b§ained by Morant (2) who used the same
apparatus. These conditions were, of course, far from
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ideal and as 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 used, and the results
became remarkably more reproducible.

At this stage it was suspected that the high
currénts might be linked with the shape of the liquid
molecules. It was therefore considered necessafy 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
Secs. 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 asir-saturated hexane because it was hoped that
further information on the part played by absorbved 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 oﬂ%he following phenomens were also made.
(a) particle movement, (b) stability of the current,

(¢) 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 in
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‘this chapter have been analysed using the gas
chromatography apparatus described in Secs. 2.1.2
and 2.1.4. The 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.1l4.

It can be seen to consist of 7 peaks, the largest 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 as having been carried out in n-hexane is
known to have been done in thig grade of liquid and
these published résults mst be viewed in this light.
By comparison with a chfomatogram of a similar
liquid made by Halasz and Schreyer (4), Fig.1l5, a
guess at the identity of the impurities was made. A
direct comparison could not be atteﬁpted'because their
column was coated with Apiezon grease and the one
used here was coated with squalane, so that the relative
reténtion times of the stationary phases oﬂhhe two
columns were different. On cbmparing the two
Chromatograms, Figs.1l4 and 15, it is seen that the
impurities in the sPéctroscopic 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 Pigs.16,17,18 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
" Pig.1l4, 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 the new compound coincides
with that of the unknown peak. A small quantity of one
of the isomers was added to the hexane and a chromatogram
taken. This was repeated for all the isomers and
their chrometograms are shown in FEigsi. 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 peéks and
reading from left to right the peaks are as follows:

6 .. -h-hexane
5 3-methyl pentane

4 2-methyl pentane or 2,3 methyl butane
°Thoth.

3 2,2 methyl butane,

and comparing this with the chromatogram shown in
Fig.1l5, 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 establishes peak 2 as n-pentane.
The similarity between.the chromatograms shown in
Figs.15 and 20 is now seen to be very strong and the
remaining peaks can with reasonable certainty be
stated to.be the following :-

1 iso-pentaﬁe
6 2,4 dimethyl pentane
7 methyl-cyclopentane.

A table is given below of the estimated percentage
present of each substance in the mixture.

Iso-pentane : 0.1%
n-pentane 1.6%

2 methyl-pentane or
2,3 methyl butane

or both 3.84%
3 methyl-pentane 5.1%
n-hexane 77.0%
2,4 dimethyl-pentane 11.7%
methylcyclopentane 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 11.6eV
(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 Philips Petroleum Co.,
U.S.A. It is claimed-By the suppliers to be not less
than 99% pure,. and may be as good as the best Philips
n-hexane which is claimed to be 92*3%pure. The
chromatogram taken of this ‘liquid is- shown in Pig. 26,
and has two impurity peaks, 1 and 3. From a comparison
with the chromatogram of the spectroscopic grade
hexane, Fig. 14, these are seen to be 3 methyl—pentané
and 2,4 dimethyl pentsne respectively. The estimated
percentage of each of these impurities is about-0.034%
so that the total impu}ity 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
deteected in the analysis.

3.243, Cyclohexane.

The cyclohexane used was supplied by Hopkin and
Williams Ltd., with a specified boiling range 95%
mimimum between 79 and 81°c. Tts chromatogram is
shown in Fig. 27. It can be seen to have a double
impurity peak 1, besides the large peak 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 chromafogram of spectroscopic
grade hexane, and a separate analysis was not attempted.
From the ares beneath the peaks the estimated impurity
content is 0,5%.

3e244. Cyclopentane.

The .cyeclopentane 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 positively 1dent1fled but

by compar1son 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 impurities
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 mentiohed in Sec. 3.1. that
this work is 2 continuation of that done by Morant (2),
who used 1 cm 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 guite clearly the enormous
difference in currents obtained in this project and
that foﬁnd 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 samples mrified and distilled using the
standard procedure described in Secs., 2.2.3 and 2.2.4.

and with the standard slectrode preparation,
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- Sec. 2.3.1., except where otherwise stated. It must
be emphasized that the results refer to highly
degassed liquid sealed off in a non-contaminating

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

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

Fig. 29 shows the general 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 reproducibility was extremely poor
~and the scatter was too great 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 wvalue
of the current five minutes.after the application of
the voltage as described in Sec. 2.5. |

In spectroscopic grade hexane the (1,v)
characteristic can be divided into what appears to be
two distinct'regions, (1) a region in which the current
lies between 10™1* and 10_10A, and (2) a region in
which the current is of the order of 10_7 to 10_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 voltage 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 appeared to be no
relatiohship between the current and the voltage; this
is particularly evident in Figs.29 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 secondé, 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 reproducibility 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 1077 t0 10704 irrespective of the difference
in the low current values. In spite of the reprodu-
cibility of the maximum value of the high currents, the
intermediate values of current in this region were 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 liquid i.e. the
time after sealing it off in the testing system.
There could be several possible reasons for this.
One could be variation bf 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. BEven 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
viéible,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 ligquid 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 low 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 demonstrates that the testing
system is capable of maintaining a good vacuum for a
considerable period of time since the presence of air
would have resulted in the dissppearance of the high
currents (see Sec. 3.5.).

In spite of this, a series of tests was never
prolonged beyond several days after the distillation
because there was no absolute check of the vacuum in
the test cell once it had Been disconnected from the
méin system.

3.3.4. Dependence of the characteristic on gap length.

Although there is some controversy as to whether
or not there is s dependence of the characteristic on
gap length, (3), (7), (9), there has never been any
evidence to suggest such a dependence at the field
strengths used in this inVeétigation i.e. up to about
500kV/cm. However, the present series of tests is
unique in the attainment 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 that high currents
would be.established at lower field strengths when a
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greater gap length is used, since with a longer gap a
larger quantity of heat is generated at a given field
strength and current. This follows immediately from
the simple relationship W = yI = E3QI 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 &n;é single sample
of ligquid for gap lengths of 40n, 501 and 60nu. The
lower limit of the gap length was set by solid
particles. It was found that with a gap length of
less than about 40p, 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 measurements
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 Pig. 31 there is no noticeable
change in any part of the characteristic. In
particular, the field strength at which the transition
from low to high curreht takes place shows no
dependence on gap length. With the 50n gap the high
currents are about one order of magnitude lower than
those of the 40; gap, while the currents in the high
current region for the 60 gap are a little higher than
those for the 40u gap. 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 strength of approximately
200kV/cm without a breakdown occuring if the liguid
had not been previously stressed. It is quite
possible that the applied stress itsélf changes the
liquid in some way and any measurements taken after
such prestressing are thus open to question.

However, they have been 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 obtained by prestréssing
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
liguid whereas curve 2 is regular and continuous.
TInsufficient readings were taken over the part shown
broken 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
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conditions with plane electrodes (see Sec. 3.6.3.).
The high currents may appear at a somewhat lower
field strength in the stressed ligquid 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 approximately
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 prestressing 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
liguid 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.34.6).

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
rumming 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
ligquid 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 as shown in Fig. 35B, so that as far as 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 considerable 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
current 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 minute 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
sufficient to produce a net decrease when measured at
that time.

The effects of allowing the ligquid 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 settle is immediately apparent. There
was, however, no improvement whatsoever in the high
current region.

An improvement was 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 decrease of current
with time, the decrease in curve 1 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 fairly high density of
electrical charge and this appears as a very high
current, which decays rapidly when the voltage is
first applied. Quite often this decay of the current
caused by recombination of charge masks the increase
caused by the increased voltage and the net result is
a decrease in current, even though the voltage is
increased.
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3.4. Plane electrodes in spectroscopie grade hexane.

3.4.1. Introduction.

As soon as the preliminary 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
due to altering 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 diameter, the actual
electrode faces being only 3mm in diameter, An
accurate Rogowski profile was not used although 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 helow 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,
nmore 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 (I,V) characteristic is
similar to that obtained with spherical electrodes,
except for one or two small differences. Seversl
typical curves .dre,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 ennot be made between these two curves as
the present ones were obtained by allowing the liquiad
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; a result never achieved with spherical
electrodes. A further point is that the field
strength at which the high currents first appeared was
approximately 200 -~ 250kV/cm, which is approximately
100kV/cm lower than with spherical electrodes. The
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
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detectable in a variatidn of the maximum current in
which there was much better reproducibility.
3.4.3. Reproducibility of the results.

The reproducibility of the results using planes
was the same as that obtained using spherical electrodes.
However, with the plane electrodes a record was kept
of the number of tests carried oul using liquid from
the same bottle, and a considerable difference was
found in the low current part of the (I,V) character-
istic between lioquids from different bottles. (The
spectroscopic grade liguid 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 tests. For two of these, the liquid came
from one bottle, and 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. This shows
that the main variation in the low currents between
different series of tests is probably due to the
slight differences in composition 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 dependence on age found here has been briefly
mentioned for this reason.

3.4.5. Dependence of the (I,V) characteristic on
gap length.

Fig. 41 shows curves obtained in the same series
of tests, one with a gap width of 50m and the other of
75ﬁ. As can be seen, there is little difference
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 in connection with
the work om spherical electrodes, that a characteristic
obtained 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. Fig. 42 shows two such tests and, as
with the spherical electrodes, a continuous curve was
obtained when 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 for decreasing
voltages. The liquid was not allowed to settle on
this occasion and the curves are discontinuous.

There were 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
voltages. 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)
charascteristic.

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 cell
was quite marked, it was not as great as that found for
spherical electrodes under similar conditioms.
Pig. 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 liguid were allowed to settle for a
sufficient length of time, a smooth curwe would be
obtained, even with plane. electrodes. The longer time



CURRENT(A)

“3‘ + NO SETTLING TIME ALLOWE D,
h a %HR., ., ‘.
Q ’-Hns. [ AT .t
X 24HRS, . “ . s
,C_a T
6l 3mm PLANE EL.ECTRODES SomM GAP, Ax,’
{
1.
I
1
{
w0 l
t
1
0
{
) |
Ios- 1
9 'I
)
-
-—T |
) AT ]
log{ 2 | ;(
B | '
\ /
- !
| , !
& & |
‘o-u &— _:ﬁ* }
| A
/
|
! /
'I
—— ————0 ,
o I o !
16'Y E % =
-1y
10 =
NTY
0 v LI T T L ] g e T o
60 FIELD STRENGTH (kv/em) 0o 150 100 160 300 180 400 450 490

FiG.44. THE EFFECT OF SETTLING TIME ON THE (IV) Q-HARACTEKI&TIC FOR

PLANE ELECTROOES

IN SPEC TROSCOPIC GRADE HEXANE.,




43.

required with plane electrodes is probably due to the
charge taking longer to diffuse out of the gap in
this case, (see 3ec. 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 asPefities 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 series of tests was therefore
carried out in which one electrode was polished with
diamond paste of 6p grain size and the other with
paste of 1un 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 100x magnification.

The results for several reversals of pqlarity 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~ - 10704 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 Fig. 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 100X. 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 found 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
liguid, that the high currents were due to thqrefined
degassing technique used, it was still thought
necessary 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 alir 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 several days so
that it became completely air-saturated.

A comparison is made in Fig. 46 between air-
saturated and degassed liquid. The curve has 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 instability since the prime interest
in this work was in the intrinsic conduction of the
liquid and absorbed air was considered to be an
impurity. In general, however, upto about 1MV/cm the
current was of the order of 10_9A with bursts of current
as large as 10764, 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 1MV/cm and this is in agreement with values
quoted elsewhere (1).
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3.6. Plane electrodes in high purity hexane.

3.6.1. Introduction.

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 te repeat as many of the previous
tests as possible in order to search for effects which ,
could not be seen previously due to lack of i
reproducibility.

3.6.2. The (I,V) characteristic and the reproducibility
of the results.

Figs. 47 and 48 show the (I,V) characteristics
taken in two different series of tests, the liquid for
each being taken from a different bottle. When these
curves are compared with those obtained for spectros-
copic grade 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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Pig. 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 107134 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 a 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
Pigs. 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
I
(In Fig. 47 the level is nearer 10—7A because the field
strength was not increased beyond 350kV/cm ).

current was again in the region of 10~7 ana 10~

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 liguid. A chromatogram was taken of this liquid
and its composition was indeed found to be very similar
to that of the spectroscopic grade liquid. It was
later confirmed by the suppliers that the wrong grade
of liquid had been supplied in this bottle.
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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.

The effect of changing the electrode material has
already been investigated previously (see Sec. 3.10 )
with virtually negative results. It was nevertheless
thought worthwhile to try such a test in this project
because of the good working conditions i.e. highly
degassed liguid, 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 shows the results for three tests with
the gold and stainless steel electrodes. The first
test was 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 limits of reproducibility i.e. both the low and
high currents are the same and the knee in the
characteristigloccurs at roughly the same field strength.

5 As with the spectroscopic grade hexane,
no change could be seen when the age 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 voltage in e prestressed liquid (the
liquid in the cell was not changed in this test so
that in effect the prestressing 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 high
currents might be influenced by the molecular structure
of the liguid. It was therefore considered necessary
to obtain the current-voltage characteristic with a
liquid having virtually identical chemical properties
to those of hexane yet with a greatly different
iholecular structure; the natural choice was cyclohexane,

The structures of hexane and cyclohexane molecules
are shown in PFigs. 50A and 50B respectively. The
difference between cyclohexane and hexane is that in
the former the two hydrogen atoms which ardat the end
of the carbon chain in the hexane molecule are missing
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and the two free bonds are joined end to end to form
the cyclohexane ring. Thus, as in the hexaﬁe 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,
Pirstly, its freezing point is 9°C so that the spiral
and filter of the inlet of the apparatus (Fig. 7, B and A)
could nol 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 distillation was dohe, this being at liquid air
temperature, the liquid froze solid. It then passed
from L to M, Fig. 7, in the form of solid flakes.

There was the possibility that dissolved air was
included in the flakes and it waspot certain that the
liquid was thoroughly degassed. Lastly, it was later
found that thepowerpack was faulty in these tests and,
although the points shown in the graphs in Fig. 51 were
later confirmed by spot checks, the results are sfill
open to question,

The results for cyclohexane are nevertheless
briefly mentioned here as they might in fact be
perfectly valid, and may be confirmed if better degassing
techniques produce the same results.

3.7.2. The (I,V) charascteristic 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
“12) &t 50kV/cm to about 10~%A
at 300kV/cm. The shape of the curve is very similar

smoothly from around 10
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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 being less than one order of magnitude.
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 vecame necessary to repeat the
experiment in 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 instead of the six in
cyclohexane. Both of these molecules are stable (11).
The chromatographic analysis of the liquid used is
given in Sec. 3.2.4. When the liquid was distilled
in the degassing apparatus a thick oily substance
separated 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 cufves 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 1078 4o 1077A compared with 10~7 to0 10704

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

The (I,V) characteristic of air-saturated
cyclopentane is shown in Fig. 52 and this can be
compared with the other curves which were taken in the
degassed liquid. The method of allowing the liquid
to become air-saturated was the same as that used to
air-saturaté®hexane (see Sec. 3.5.) Prom the tests
in air-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 liguid. Because the
high currents appeared at a lower field strength in
cyclopentane than in hexane, it was thought possible
that the expected high 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 because the three lowest
value measuring resistors (see Fig. 11) were later
found to be disconnected, and the lowest value of
resistance still in the circuit was 1090hms. It could
only be stated with certainty that at field strengths
above 400kV/cm the current was in excess of 10724,
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 3x107'A.
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3.10. 3-methyl pentane.

It has been shown in Sec. 3.6.2. that the lack of
reproducibility 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. For 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 great amount of precaution was taken in
the design of the distillation apparatus to prevent
solid particles from reaching the test cell, a certain
nunber were always seen adhering to the electrodes,
and were most probably minute dust particles from the
atmosphere, which settled on the electrodes when the
cell was opened for electrode polishing. They were
too small to be seen by direct illumination and because
of this, their size could not be estimated easily.
However, when viewed by means of scattéred light they
appeared as small bright specks against a darker
background and in this way their behaviour 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, anﬂremained in that position as long as the
field was maintained. Movement did mnot occur until
the fi@ld strength was in theregion of 150kV/cm 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 always 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 take place, it was never seen
at field strengths below about 150kV/cm and only
rarely above 350kV/cm.

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/ecm as with spherical electrodes.

3.11.3. Dependence on liguid.

No change in the particle behaviour was noticed
on changing the test liquid from hexane to any of the
other liquids used, provided these 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 current.
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 10_14A and there was some
indication that peaks of the order of 10-13A, super-
imposed on the steady current level, could 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 hewever 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 & series
of particles would bridge the gap, but as far as could
be ascertained, they had no influence on the breakdown
strength of the degassed liquid, even though they
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caused high currents atlfield strengths as low as
100kV/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
1MV/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 conclusioens arrived at by Sletten(l) who
worked in degassed, spectroscopic grade hexane using
spherical electrodes, and later work by Morant (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 he 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 ufward kicks, similar to those in
category (2) but very much larger and often at
least two orders of magnitude greater than the
steady component of current.

These three types of instability, which are shown
sketched in Figs. 544, 548 and 54C 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 ihStability was that the peaks were always in an
upwards direction and gave the appearance of being
additional bursts of current superimposed on the

steady component. Thus, in spite of guite considerable
instability, the steady value of the current courld be
estimated with reasonable accuracy.

3.12.2. Dependence of the instability on field strength.

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 componént of current
as shown in Fig. 54B. At the lower field strengths
these kicks were usually few in number and éeparated
from each other by periods as large as several minutes.
As the field was increased further, the separation
between .the peaks became increasingly smaller, 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 steady
component with any degree of accuracy. The field
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strength at which this high instability 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.

3.12.3. Dependence of the instability on the purity
of the liquild.

With the spectroscopic grade hexane there were
many tests in which high currents were not pressnt, 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 observed when changing from
the spectroscopic grade of liguid 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 general appearance shown in Fig. 54D.
-Thus in this grade of licquid, besides the sudden
transitions from the high to the low current levels
described in Sec. 3.3.2., the current varied slowly
between levels which differed by a factor of two
or more, with the occasional occurence of large peaké.

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 Fig. 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
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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.

Although the actuwal form of the instability
depended on the field, its magnitude was directly
linked with the magnitude of the steady component of
current, Thus, in the low current region where the
magnitude of the current could vary by as much as
3 ordérs 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.

Oh the whole, the value of the steady current
was. much greater than the instability, the rétio
between the two being about 10 - 1 in the low current
region. In the high current region 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 instability on variowus parameters

3.12.5.1. Age of the liquid.

No dependence of the general 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 40p to a maximum of 100p.



3.12.5.3. .Prestressing the liguid.

Prestressing the 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 cdntinuity 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 hexasne to atmospheric
pressure (see Sec. 3.16.1.) the pattern of the
instability was again unaffected.

3.12.5.5. Settling the liguid.

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 thst the
type of instability found in the low current region
is due to the redistribution of static charge and
that settling simply allows it to neutralize (see
also the remarks in Sec. 3.3.6.).

3.12.5.6. Electrode material snd surface finish.

Changing either the cathode 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 application of the applied voltage.

" There was no tendency for the instability 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. Stability of the current in air-saturated
hexane.

When spectroscopic grade hexane was allowed to

become air-saturated the current was extremely steady
and free from instability at field strengths below
350kV/em, even though in the degassed liquid the
current was always unstable at fields well below this
value, At higher fields the current started to
become unstable, until, at approximately 600kV/cm, the
current was so unstable that a reliable estimate of
its value was difficult. The current was then in

6A
superimposed. The form of the instability at these

the region of 10—9A with peaks as large as 10~

fields was in fact very similar to that in the
degassed liquid just befére the onset of high current.

3.12,7. Stability of the current in cyclohexane.

As mentioned in Sec. 3.7.1l. these results are
of doubtful validity. However, the currents obtained
in this liquid were comparatively smooth, It is
worth npting that no high currents were obtained in
this test.

3,12.8. Stability of the current in cyclopentane.

The dependence of the instability on field
strength, current etec. was exactly the same as in
hexane. except that it commenced at field strengths
of about 100-150kV/cm compared to 150-200kV/cm in
hexane., This corresponds to the difference in field
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strengths at which high currents first appeared in
these liquids.

3.12.9. Stability of the current in air-saturated
cyclopentane.,

In air-saturated cyclopentane the current was
stable upto 200kV/cm.  Above this field strength a
small degree of instability was present at first, and
increased rapidly as a field strength of 400kV/cm was
approached. At 500kV/em 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 insfability in
hexane and cyclopentane with one marked difference.

In this 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 insbtability of the
current described in Sec. 3.12. fast current pulses
were also observed. These were measured by passing the
current through a 3ﬁ3x105ohm 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 same 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 thé information cohtained in their
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shape is given in the discussion, Sec. 5.4.4.

3.13.2. Devnendence of the pulses on the current and
. voltage.

The lowest d.c. current at which pulses were seen
was of the order of 10_8A, the pulses at. that level of
current being of such magnitude that they could just
be deteected. (The maximum sensitivity of the
oscilloscope was 0.005V/cm so that the smallest pulse
which could be seen was roughly 1/10th of this 1i.e.
0.0005V, When used in conjunction with a 3.3x105'ohm
resistor, and providing the pulse is long compared
with the time constant of the circuit, (see Appendix B)
so that the maximum height of the nulse can be reached,
this corresponds to a current of the order of 10_9A. ).
On one occasion when a preamplifier was used with a
gain of 100, pnulses were observed when the current was
as low as 10 24. 1In general the height of the
pulses increased with increasing d.c. current until at

the maximum current values, 10~7 - 1076

A, single
pulses were observed of the order of 5x10_3V, this

corresponds to an instantaneous current of approximately
-8 - - -
1.5x10°A (I = V/R = 5x1073/3.3x10% = 1,5x10704).

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 frog the small and short
pulses shown in Fig. 55A to the flat topped long
pulses shown in Fig. 55B, depending on the ratio of the
pulse length to the time constant of the circuit,
see Appendix B. As the field strength was increased
the frequency of the pulses inecreased until each pulse
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apneared 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. They then appeared as shown in

Fig. 55C. 7

3.13.3. Pulse length and field strength.

It was found that when the field strength was
increased it was often necessary to increase the
length of sweep of the oscilloscope trace from
20nsecs/ecm to 50psecs/cm, in order to obtain the
whole length of the pulse in the width of the screen.
wa series of photographs of the pulses were taken,
one at 200kV/ecm and the other at 300kV/cm, in order
to confirm this observation. ;An exact statistical
analysis of the pulses could not be made because not
all of them could be measured. Some were as shown
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
at the higher field strength. This histogram has
not been reproduced here because it is not strictly
valid since all the pulses photographed could not he
measured.

3.13.4. 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
w = d/txE where u = mobility, d = the gap length and
E is. the electric field strength, which is assumed
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constant. However, the result of this calculation
for the mobility is too low when compared with the
results found experimentally by other workers, see
Sec. 4.2. For example with 4 = 75u and E = 300kV/cm,
it was sometimes found that t was greater than
500usecs.

-4 -1

ue 75x10~% 51074, 3x10° i.e.< 2.5x10 *emPvolt~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 wes made to see if there was 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
current 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 instability did
not produce pulses if the current level was 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 than the limit of the sensitivity of the
oscilloescope.
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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. There was, however, no
change in the pulse behaviour between times when the
particle movement was extremely active and times when
there was no particle movement at all.

3.13.8. Pulses and the electrode material and the
surface finish,

Here again, no variation in 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 6u 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
independent of the degree of polish obtainable by
conventional means.

3.13.9. Pulses 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
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the initial conditions were considered to have

changed and the series of tests was concluded. A
number of breakdown measurements was nevertheless
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
to expect under the conditions stated.

3.14.2. Breakdown strength and electrode geometry.

From the table it can be seen that the breakdown
of spectroscopic grade hexane fell from an average of
570kV/ecm when using lem diameter chromium plated
spheres at a spacing of 501, to an average of 410kV/cm
when 3mm diameter stainless steel plane electrodes with
the same spacing was used.



Liquid Electrodes | Test No. | B.D. Strength| Average
Spectroscopic | Spherical 1 480kV /cm
grade hexane lem dia.,
(degassed) chromium 640KV /om ' 570KV /em
600kV /cm
Plane, 3mm 1 350kV/cm
dia.,
- stainless 2 500kV /cm 410kV/cm
steel
3 350kV/cm
4 500kV /cm
Both 6u
polish 5 350kV /cm
Cathode 6u
polish 6 400kV /cm
Air-saturated | Plane 1 1MV /cm
spectroscopic .
grade hexane . .particle
bridging 2 840kV /cm
gap .
99% pure 1 '525kV/cm
hexane Plane 4 30kV /em
(degassed) 2 330KV /cm :
Cyclohexane Plane 1 400kV /cm
(degassed)
Cyclopentane Plane 1 460kV /cm
(degassed)
Table 1.

Electric strengths of the liquids used in this work.
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This could be due to a combination of the following
three causes.

(1) Geometry dependence of the intrinsic electric
strength.

(2) Dependence 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, )

No attempt was made to distinguish between these three
possible effects.

3.14.3. Breakdown strength and liquid composition.

No apparent difference was found between the
breakdown strength of spectroscopic grade-hexane and the
pure liquid. Similarly no difference was observed
when the ligquid was changed from hexane to cyclohexane
or cyclopentane. This result is rather important
since the boiling point of cyclohexane is approximately
80°C while that of cyclopentane is only 49.5°C, a
difference of 30.5°C. On the theory of thermsl’
mechanism of breakdown it would certainly be expected
that the liquid with the ligher boiling point would have
a correspondingly higher breakdown strength.

3.14.4. Air-saturated liguid.

The value found for the breakdown strength of
air-saturated spectroscopic grade hexane using plane
electrodes was 1MV/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 remarkable change
in the electric strength when the liquid is degassed.
Although a conduction test was done in air-saturated
cyclopentane, a breakdown measurement was 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 caused 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 pre-breakdown current on breakdown.

Although the current Jjust before breakdown in the
degassed spectroscopic grade hexane often differed by
as much as 5 orders of magnitude, no difference was
noticed in the breakdown strength. Thus the breakdown
strength obtained at the end of a series of tests in
which high currents 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 were no high currents, was virtually
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 region,
or even higher,

3.14.6. Dependence on the degree of polish of the
electrode surfacees.,

Two different types of test Were carried out to
find the effect of the degree of polish on. the electric
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strength of the gap. In one, both electrodes were
finished with 6p diamond paste instead of the usual

lu grade, and in the other test, one electrode was
finished with the 6n grade polish while the other was
given the usual highly polished, scratch free surface,
using the 1lp 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 partieles bridged the
gap, no effect on the breakdown strength was ever
observed. With air-saturated hexane two breakdown
measurements were taken, in one of which particles
bridged the gap. The particle free gap had a
breakdown strength of 1MV/em whereas for -the other,
the value was 840kV/cm. Thus, though particles had
no effect on the electric strength of degassed hexane,
they might have influenced that of the air-saturated
liquid.

3.14.8. 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 eathode 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 impigged upon it.
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3.15, Viscosity tests.

3.15.1. Introdugtion.

‘As méntioned previously in Sec. 3.l., 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 viscosity of a ligquid is
also dependent on the molecular construction and
configuration, and it was thought that a viscosity
test might give furthér insight into the basic
processes involved in conduction. A viscometer was
constructed as described in Sec. 2.7. to test for a
difference in the viscosity of degassed and air-
saturated hexane. ‘This was attached to a suitable
part of the high vacuum side of the degassing apparatus,
Pig. 7, filled with degassed hexane and sealed off
under high vacuum.

All the measurements were taken with the viscometer:
immersed in a mixture of 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 1/10°C.

To measure the viscosity of a@r—saturated hexane
. the seal on the viscometer was bfoken, 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 test, it
was subsequently found upon chrometographic analysis
that the bottle had been wrongly labled by the suppliers,
and the liquid was in fact almost identical to the
spectroscopic grade hexane. The liquid used in this

test is therefore referred to here as specectroscopic grade
: - hexane.
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3.15.2. Results.

The results of 10 measurements, 5 each in the
degassed and air-saturated liquids, are shown in
table 2. Two of the measurements in the air-saturated
liguid 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
réfill 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 before the commence-
ment of the actual test to allow it to reach equilibrium
with its surroundings. However, in these two measure-
ments only a short period of immersion was allowed
before the start of the test so that the tempersture
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 recorded for the degassed liquid
to flow between the two marks shown in Fig. 13 is
10 mins. 29 secs., with 6 secs. spread in the results.
The average time found for the air-saturated liquid to
pass between the same. two marks is 10 mins. 19.1 secs.
if the two doubtful results are not included, and
10 mins. 18.6 secs. if they are. The spread in
results if the doubtful results are ignored is only
0.2 secs., the accuracy with which the stopwatch could
be read, and even if all the results are taken into
account the spread is only 2 secs. The difference in
the absolute value of the comparative viscosities of



Time of flow in secs.

Liquid Test No.

Degassed 1 621.8

spectroscopic

grade 2 626.0

hexane 3 619.8
4 621.0
> 615.8

Alr- 6 619.2

saturated .

spectroscopic 7 619.0

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

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 ligquid.

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 viscometer. From Fig. 56, the
rate of change of viscosity of hexane with temperature.
at 0°C is approximately 1.06%. The variation in the
temperature of the bath was less than 1/1000 so that
the maximum change in the viscosity of thé liquid due
to temperature fluctuations could not have been
greater than approximately 0.1% i.e. a factor of 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 results
obtained in the air-saturated and degassed liquids, and
the bearing these measurements have on electrical
conductivity is discussed in Sec. 5.4.7.

3.16. Miscellaneous tests and observations.

3.16.1. Pressure dependehce 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
desireable to show that the high currents obtained in
the present work were not the result of working at

low: pressure.

.‘For this test a springham greaseless tap with a
"Vifon,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
being at 10~°
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

torr. Several tests were first carried

conduction and breakdown of hexane (1) ).

A cylinder of oxygen free nitrogen was connected
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 evacuated 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,
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Measurements were made immediately atmospheric
pressure had been established over the liquid, and
steady high currentgrgzund at the same field strength
as in the previous tests at reduced pressure. The
magnitude of the current also appeared to be unchanged,
so confirming that the high currents were not caused

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 considersbly less than in
the spectroscopic grade liquid, and the current was
often constant for periods of 30 mins. or more.

3.16.3. Discharge currents.

Zaky (12) found that when the applied voltage was
removed, a discharge current of similar magnitude as
the forward current, flowed in the reverse direction.
In this work no detectable discharge cureent was ever
obtained, either in the low or high current region, and
confirms the work carried out by Morant (2) in the
present 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
whereas 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.
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3.16.4. Ellimination of spurious discharages as a
cause of high currents.

Because of the high voltages used ( up to 3,300V)
it is necessary to show that the high currents were not
caused by spurious corona discharges from the cell
itself,. This was ruled out by the following
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 not generating the
high currents.

(2) Upon reversing the polarity of the electrodes the
(I,V) characteristic was unchanged (see Sec.3.6.3.)
Had the high currents been due to corona discharges
a different characteristic might have been
expected.

(3) Thé characteristic did not change when the gap-
length was increased from 50 to 100n. Again,
if discharges were the cause of the high currents
they would have occured at the same applied
voltage with the 100pn gap i.e. at half the field
strength,



3.17. Summary of the experimental results.

A summary of the results obtained in thigproject 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 analysed 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) characteristiec. 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
=13 _10712), At about 150kV/cm
the characteristic curved sharply upwards until at about
300kV/cm it flattened off at a current value between
10~ ana 1076
work done by Morant (2) using spheres, that with
spectroscoplic grade hexane the current in the high
current region was extremely erratic and would change

in the region of 10

A. It was found, in agreement with the

by as much as three orders of magnitude for no apparent
reason. There 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.



79.

(3) Dependence of the high currents on time and

hydrostatic pressure. There was no tendency for the
high currents to change with time at a given voltage.
Similarly no change was noticed when the hydrostatic

- pressure was changed from the vapour pressure of hexane
at room temperature, to atmospheric pressure.

(4) Prestressing. Prestressing the gap with a high
voltage resulted 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 former.

(6) Electrode surface. No variation in any of the
electrical proﬁerties of the gap was noticed when the
surface of either or both of the electrodes was changed
from the usual optiecal finish to a comparatively rough
state. Similarly there was no change on reversing

the polarity when electrodes of gold and stainless

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 effeect,

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

(8) 1Instability. At approximately 100kV/cm the
current started to become unstable. This instability
took the form of apparently random fluctuations

superimposed on the steady current, and these were often
at leasf 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 voltage was applied, the
electrode material or surface finish and hydrostatic
pressure., However, some dependence on the liguid used
was found.

(9) Pulses. In the high current region pulses of
microsecond duration were observed, their shape and
length being determined by the applied voltage. There
appeared to be no relationship between these pulses
and the instability mentioned above or the particle
movement.

(10) Particles. Particles were always visible in the
gap, in spite of the most stringent precautions to
exclude them. At about 100kV/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 current was in the region of
10-14A, there seemed to be some relationship between
the low level of instability present, and particle
movement. Occasionally particles would attract each
other and thus bridge the gap, and although they caused
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high erratic currents, there was no apparent lowering
of the breakdown strength in degassed liquid.

(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/cm the current
became highly unstable and the form of the current, as
shown by the pen recorder, was then very similar to
thet 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 dependence of the maximum
value of the curreant on the liquid used.

b.) The field strength at which the high currents
first appeared was different.

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

(13) Breaskdown 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 dependence.
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 obtained 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 ligquids.
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4, Review of previous work.

Several comprehensive reviews (13,14,15) covering
the work in the field of electrical conduction end
breakdown 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 in
the present work, there is some question of the validity
of any.comparisbn between the work of different
invesfigators. '

4.1. High field conduction.

The present theories of high field conduction can
be classified under the following headings.

(1) Schottky type field sided thermionic emmision and
Fowler-Nordheim high field cold emmision.

(2) _Field assisted dissociation bf the liquid itself
or of impurities. - '

(3) Ionisation by collision at very high fields.

0f the earlier workers, Edler and Zeis (16) and

Baker and Boltz (17) favoured Schottky emmision because
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 heated 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-Nordheim emmision because he found no
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dependence of the current on the temperature of the
liquid. LePage and Dubridge (19) measured the current

in toluene as a function of the electric field and
temperature, (0 - 250kV/em and -15 to 70°C) and showed
that the current followed a Richardson type plot although
the slope was too small, and the emitting area found from
the intercept made by the straight line plot with the
axes was also too small by a factor of 10~13 _ 10712,
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
combination of Schottky and Fowler~Nordheim emission.
Watson and Sharbaugh (9) have proposed Fowler-Nordheim

emission through a barrier whose thickmess is reduced by
a layer of positive charge at the cathode. A similarx
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 discs to remove dust particles and
finelly purified it by means of electrical purificetion.
He rejected both thermal and cold field emission
mechanisms of conduction becsuse he found no dependence
on polarity when using a point-plane electrode system.

He therefore proposed a mechanism in which the carrieré

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 reacfion in heptane was
20H, o = c,,H‘{7 + G H];. The possibility of the
dissociation of the impurities present was 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 proposed reaction is in the region
of 10eV. It is worth noting that Plumley obtained
currents of the order of 10-6A at a field strength of
about 350kV/cm. Although he does not mention the
pressure at which he degassed his liquid, it would
seem from the apparatus sketched in his paper that the
pressure was in fact very 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 as this had 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 Pao (24) and more recently by

Coelho and Bomo (25).

House (3), working in hexane with a relatively high
air content, succeeded in measuring the conduction
current up to field strengths just béelow breakdown
(approximately 1MV/ecm) by means of conditioning. This

consisted of waiting for the decline of pulses at each

voltage level,

&iuertor Stable currents were obtained by -this
technique. House interpreted his results on the

basis of electron emission from the electrodes with
the effective work function of the electrode metal
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reduced by the presence of the dielectric, and the
field strength greatly increased at the electrodes
because of asperities. From his work on changing the
gap length he concluded that there might possibly be an
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
importance of oxygen in solution in hexane, when he
- found that the breakdown strength fell from the
accepted value of around 1MV/cm to aﬁproximately
0.8MV/ecm and the level of the conduction current
increased by a factor of 2 or 3 when the oxygen was
removed. Nitrogen was found to have 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 direction.
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, uéing
screened electrodes, no discharge currents were 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 have been removed by Morant (26) who reasoned
that a space charge must exist at the electrode-liquid
intefface, in the same menner as at a metal-dielectric
contact. Morant succeeded in demonstrating this
experimentally and estimated the potential due to this
space charge to be in the region of leV, Thus it is
probable that this potential masks any effect due to the
different work functions of the different metals.
Forster (27) plotted the potential distribution between
a pair of parallel plate electrodes in benzene by means
of probes and found the field 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‘rrelectrons available in the molecule.

He therefore postulated that the carriers in these

types of liquids are T electrons which 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, OGullingford

and Hawlez (28) carried out probe measurements in
transformer oil at field strengths up to 60kV/cm and a
similar field distribution was found.

Helliwell and Macfsdyen (29) and Watson and Sharbaugh
(9). have carried out-conduction experiments under

microsecond pulse conditions and found currents many
orders higher than that normally obtained under d.c.
conditions., Indeed, the forher obtained a current of
80pmA at a field strength of 400kV/cm. It must 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 at 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 Helliwell 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/bm but reported
marginal evidence for such a process at about 1.3MV/cm.
Their use of plane electrodes makes their results more
easy to interpret than that of House.

4.2. Mobility.

In contrast with measurements on conduction, there
is good agreement between the different investigators
on the value of the carrier mobility in the saturated
hydrocarbon liquids. The method used up to date has
been to form carriers in theé 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 carriers in these experiments are
not those which take 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 commerecial grade hexane so that besides
the inherent difficulty of not knowing if the carriers
produéed by external stimulation are the same as those



89.

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

Adamezewski (31) measured the mobility of ions

produced by X-rays in saturated hydrocarbon liquids over
a temperature rsnge of 8 - 50°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 and negative
carriers in cyclohexane were found to be O.9x10-4 and
3.6x1074 cm®volt tsec™t 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"* where A is a constant and

X = Eu/En, Eu and En are the activation energies of
mobility and viscosity respectively. For negative
quantities this quantity is unity so that this relation-
ship is in fact Stokes law, u = ant.  Por positive ionms
.x is 3/2 and this relatiomship: obeys the law previously
found by Adamczewski, u = An" 2.

Terlecki (33) measured the mobility of negative ions
in hexane, octane and decane at field strengths up to
approximately 120, 200 and 300kV/cm respectively, and
found the respective mobilities to be 9.8x107%,
7x10~% anda 3x10—4cm2volt-1see_l. Gzowski (34) found
exactly the same relationship 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 carriers.
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‘LeBlanc (35) working at fields up to 2k¥/cm foﬁnd
the mobility of negative carriers in hexane and pentane
to0 be in thé region of 1.4x10 " 3em®volt~tsec™t ana the
activation energy.in hexane to be 0.14€V. The product
of viscosity and mobility was not constant with
temperature so that the carriers did not obey Walden's
rule. It was therefore concluded that the carrier could
not be ionic in nsture and because of this he propbsed 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 purely empirical
and only holds strietly for the single substance tetro-
‘ethyl-amonium picrate in a variety of solutions (36), so
that no deductions can validly be drawn from it as far as
the carriers in liquids such as hexane sre concerned.

Inuishi and Chong (37) using photo injected
electrons in air-saturated hexane found the mobility of
their carriers to be 1 - 1.2x10 em?volt Ytsec™! and
independent of the field up to 0.5MV/cm. The activation
energy was found to be 0.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 greater detail

in Sec. 5.2,
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Davis, Rice and Meyer (38),(39) have produced a
quantitive theory for the mobility of carriers in argon,
krypton .and xenon, based on the interaction potential
of the carriers with their surroundings and the radial
distribution function for the liquid itself. Agreement

is obtained between theory and experiment if the
negative carriers in these liquids are 05 ions, and

Afg, ng and Xe;'the positive carriers.

There is little doubt that this direct theoretical
approach to the study of liquids 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

13e<':_1

carriers lie in the region of 1074 — 107 3cm?volt”
depending on the temperature and pressure. Long gaps
were used with field strengths not exceeding 250V/cm.
Swan (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 lOOcm2
volt Lsec™d

than the value obtained by Rice. He explains this

i.e. about 4 orders of magnitude higher

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 molecule, and therefore travel
a8 free electrons. At the low fields and long gaps
used by Rice there is sufficient time for the electrons
to attach themselves to molecules so that these
experiments in fact measure the mobility of iomns.
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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
discuésion 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) Space charge theories. In space charge theories
the local field near one or both of the electrodes is
enhanced until at sufficiently high applied fields
breskdown occurs. Bragg, Sharbaugh and Crowe (41)
have put forward such a theory. in this the anode

field is enhanced by 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 generated 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 than that of the
positive carriers so that the electrons produced ®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
Kao (45) proposed a theory in which bubbles, formed
either by a thermal or a degassing process, initiates
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" breakdown. In this théqry the bubbles ére elongated

in the electric field, and at fields approaching the
breakdown strength of the liquid, electrons travelling
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 connection that Maksiejewski

and Tropper (46) found no dependence of the breakdown

strength on pressure when this was subatmospheric if the
electrodes were degassed, 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 wvapour bubbles
subsequentlj cause breakdown.

(3) Particle theory.

It is well knoewn that particles bridging the gap

can sometimes cause breakdown. Kok and Corbey (48) have
developed a theory based on this model of particles '
bridging the gap and have extended it to particles of
molecular size i.e. when the bridge is formed by the
molecules of the liquid itself. For d.c. conditions
their theory predicts that the breakdown strength should
be proportional to r B"PeTe 1 ig the radius of the
bridging particles. On this basis liquids with short
molecules should show a higher breakdown strength than
those with long molecules.

Adamczewski (49) and Lewis (50) have attempted to
explain the dependence of the breakdown strength of the

paraffins on the molecular chain length by assuming



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 molecules in which their
energy is given up to increase the vibrational energy
of the molecules. Adamczewski has postulated the

C - C bond to be the major energy sink while Lewis
favours the C - H bond.

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
strength of air-saturated hexane fell from 1.33MVém to
0.88MV/cm when the liquid was degassed. It was found
that dry nitrogen, carbon dioxide and hydrogen did no#t
influence the electric strength of the liquid whereas
dry oxygen did. He therefore conc}&ged that it was
the oxygen in. the air which produced, increase in the
electric sfrength. On the other hand, oxygen was found
to have no effect when mierosecond pulse voltages were
used. This was later confirmed by Lewis and Wand (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 raﬁoved
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 decreased
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depending on whether the prestressing was negative or
positive. '
Zaky, Zein Eldine and Hawley (54) found that the
breakdown strength of transformer oil was increased by
8 factor of approximately three if either the cathode
or anode was coated with a layer of plastic material.

Coating both électrodes produced no further increase in
" the electric strength.

4.5. Instabilitz.

The increase of instability when the liquid is
degassed has 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
Ebssier (55) in transformer oil when it was degessed at
8x10™3 torr. _

A rather quantitive study of the effect of dissolved
gas on the instability in transformer oil and liguid
paraffin using different electrode geometries has been
carried out by Hug and Tropper (56). Their results
are listed below. o

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

(b) Although in general increasing the dxygen content

' of the liquid decreased the noise level, an

exception to this was when the partial pressure
of the dissolved oxygen was l4torr, when a slight
increase in the noise was noticed.

(c) 1Increasing the gap length from 81la to 125u 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 ligquid paraffin.

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

These effects are explained by assuming that 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 accelerated 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 fields the effect of the large quantity of
liberated gas is assumed to mask the quenching effect of
oxygen. Similarly the lack of an effect of oxygen on
liquid paraffin is explained as being due to the £fact
that it does not readily absorb hydrogen so that here
again the gassing effect masks the quenching effect of
oxygen.

It was noticed that frigh pulse activity corresponded
to a2 low breakdown strength and this is thought to
support the proposed explanstion of the noise. However,
it is not recorded if the increase in the pulse activity
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caused. by nitrogen in liquid paraffin corresponded to
~a lower breakdown strength in that liquid.

4.6. Miscellaneous relevant observations.

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 wavelength that electrons 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 bridged the gap while

at still higher field strengths the glow became diffusg.

Goodwin (59) using the Kerr effect:-has shown that
in monochlorobenzene the field is greatly enhanced near
the cathode at fields above 0.5MV/cm and there is
evidence that conduction occurs in filamentary channels.,
Hart (60) has found a change in the viscosity amounting
to as much as 400% when a liquid is subjected toan
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 firm
relationship'between these high currents amd the field
strength could be discerned. The stable high currents
and the reproducible current-voltage 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 mechanism 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 will be shown that results which have
been previously considered to be conclusive 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 to fit
the results obtained in this project better than any
other possible mechanism and is also physically plausible.
Further, if the proposed mechanism were in fact correct,
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it could lead to & new experiméntal 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 liguids.

It is very tempting'to regard a liguid as a very
high pressure gas, or a solid in which there is only
short range order. In fact a liquid is neither, and
results deduced by extrapolation from either phase are
likely to bée erronedus. 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 & solid even though some migration of
molecules does occur, on the whole the molecules ae 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 energy of its
components only.

As the gas is compressed, the molecules are brought
closer together so that the potential energy due to their
matual interaction becomes increasingly important. The
molecules are then able to form short-lived 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, and at this point the interaction between
the molecules becomes the dominant factor in determining
the properties of the materisl, the kinetic energy being
of minor importance. This is perhaps 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 its container, whereas a ligquid tends to
confine itself to the smallest possible volume compatible
with the forces exerted on it. For instsnce a drop of
oil éusPended 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 cen in principle be
calculated by considering the kinetic energy of its
molecules, their mutual potentisl energy need only be
considered as a correction 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
ligquid hexane, for example, gave a result which was 100
high by four orders of magnitude.

If the distribution of the nearest neighbours
surrounding a molecule in a liquid is plotted as a
function of the radial distance, there is an apparent
state of order close to the molecule. However, this
must not be confused with ordering in the solid state in
which the molecules are fixed in & mean position, as
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mentioned above. In a liguid this ordering, or radial
distribution as it is called, is of a purely statistical
nature and is simply a measure of the probability that 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
a8 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

t0 the value given by the radial distribution function,
if sufficient measurements were taken.

5.3. Tréngport phenomens, in liguids.

As might be expected from their radically 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 energy 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 l¥guid
each molecule is at all times in the attractive field
of its nearest neighbours and if it were subjected to an
accelerating field it would attempt to drag its neighbéurs
with 1t. 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 graedient 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 adjacent lsyers 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
cén readily cross from one layer to another. The
faster molecules from A which cross into B collide with
the sldwer molecules there and give up some of their
momentum to them. Similarly molecules 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 viscous drag is produced with very little
transfer of mass. Transfer of mass obviously does
occur in a liguid also, for otherwise phenomena such as
diffusion would be absent. Howeyer, in a liquid this
is a very slow process and transfer of energy is still
almost 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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gaseous ion is virtually free and can be accelerated 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
densgity im its immediate neighbourhood is further
increased (38). Its mobility is therefore very low
because the ma jority of the energy of the energy ion
receives from the electric field is soon given up to the
surroundings and is converted to heat. From the above
considerations it is seen that the mobility of an ion in
a ligquid is complétely controlled by its interaction
forces with its surroundings.

Exactly the same 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
molecules of the solid, this is unlikely in a liquid.
As mentioned previously, even the short range order in
a liquid far removed 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, when
the molecular distribution is favourable. |
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5.4. A possible mechanism for the explanation of severasl

high field phenomena in dielectric ligquids.

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 be discussed later.

Conduction in any medium consists of two parts,

(a) the production of carriers and (b) their mode of
transport. The high currents 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 increase in both. It will be shown in the
following sections that mechanism (b) 1is a plausible
explanation of the high currents obtained in this project
and their dependence on various parameters,

5.4.1. Explanation of the 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 am’
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
two 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 & weak dipole,
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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 5x105V/bm) 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 electrode surfaces could
possibly be in the region of 108 - 109V/bm; 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 to reorientate
themselves into a position of maximum polarizability is
very reasonable indeed.

It is proposed that this alignment does noet occur
across the whole area of the gap but in filimentary
channels, probably initiated at asperities om the
electrodes. These aligned channels are in all probability
unstable, being soon broken up by thermal agitationfzthat
they are vefy 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 unaligned, depending on the degree
of alignment. This could produce a further increase in
the current since an increase in mobility would remove
space charge from the electrode surfaces and allow
increased emission 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 is only partly
bridged the movement of charge in it will make itself
felt in the external circuit. The reason for this is
that when the charge approaches an electrode it will
produce induced charges on'it, attracting charge of. .
opposite sign to it, whilst charge of the same polarity
is conducted away in the clesed circuit.

Now since the mechanism proposed for the high
currents depends entirely on the realignment of the
molecules in the electric field, it is necessary to ask
if the férces on the induced dipole are in fact sufficient
to overcome the binding forces on the molecule and cause
rotation. To this question it is possible to answer in
the affirmative. Since the binding forces on the
molecule are of the same nature as these experienced 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. Explanation of the (I,V) characteristic in pure
- hexane.

An explanation of the current-voltage curve is given
in this section based on the foregoing considerstions
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without any attempt to deduce the origin of the carriers.
The characteristic cen be divided into three regions,

(1) the low current region at field strengths of up to
about 100 - 150kV/em 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 1007 -
10-6A. 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, that 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, for as the field strength is
increased the dipole moment is ihcreased, 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 fairly 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 100kxV/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 the 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 that the oversll
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 frequency
in the current. fluctuations, until at the pdint 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 PFig. 558,
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 comparable 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 single pulses could correspond
to either a single layer of charge travelling in the gap
from one electrode to the other, or a continuous process
in which new charge is continuously being provided.
However, it has been shown in Sec. 3.13.4. that the
model of a single layer of charge would imply a mobility
in the region of 2.5x10 4en’vo1t Lsec™! 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 conditions.
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 probsbility of
alignment. The former of these two phenomena is in
fact well borne out 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. 55C. 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.3.13.3.

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 entire 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 cirecuit as current. Thus,
eén aligned channel which only extends over psrt 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 mechanism proposed for the pulses.
No deviation from the pulse shape shown in Fg. 686,
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 0f 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 the effect of liquid impurity and not
an electrode effect, by the fact that reasonably
reproducible results were obtained in pure hexane, even
when different samples 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 melecules. This is supported by
the fact that their boiling points are very close.
Thus, thdwork, 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 component are surroﬁnded, on the average, by
molecules of theother.species in the liguid 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 & small volume A, situated
in a larger volume B, both of which are 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 R,, where R

B A
and 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 volumes. 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 molecules of another type diffuse

out of A into B, in such numbers as to apprecisbly

change the relative composition in the small volume A,
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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 in the_density of the vapour near the
critical region.

The rezson for the inherent lack of reproducibility
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 lengﬁh of time sufficient for its effect
to be seen in the extermal 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-
copie 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 composition 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
8 considerable period, and at the same time is able to
explain the smooth curves obtained in the prestressed
liguid. It is rather tempting to regard the fact that
smooth curves were obtained after prestressing as having
no significance because there was 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 axrves
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 the.region of 1074 compared with 10~7 - 10764 in
the degassed liquid at the same field strength. Also
the current remains steady even at field strengths where
violent fluctuations would have occured in the degassed
liquid. Sletten (1) has shown that this effeect is
probably due to the oxygen content of the air. . Now
oxygen is an extremely active element and it will
readily attach itself to metal and other substances
either chemically or by absorption. It is therefore
extremely probable that even though oxygen will not
react éhemically with hexane, it will be strongly
attracted to it by intermolecular forces. These forces
are of the same nature as those which bind identicel
molecules, such as those of hexane, to form a liquid,
and must obviously exist even though there is no
‘chemical action. '

From these considerations it would be reasonable to
expect that oxygen will increase the bonding between the
molecules, and there would therefore be less tendency
for the formation of aligned channels at high fields
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 sssumption, if the field could be
raised to 'a high enough level without breakdown occuring,
it should be able to overcome the 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 breakdown
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 liquid if sufficiently
high fields could be supported. This is further
supported by the results obtained in cyclopentane. Here,
even though air had the same quenching effect as in
hexane, high currents were nevertheless obtained at very
high fields (400kV/cm compared with 150kV/em in the
degassed liquid).

It is perhaps significant that in both hexane and
cyclopentane dissolved air had no effect on the low
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 seme 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 experiments showed the same marked
effect of oxygen on the reproducibility of the results as
was found in conduction eiperiments. 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 was insufficient to forma
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
viscosity 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 process 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 molecules must be considered. Thus,
if the effect of the oxygen was to bind the hexane
molecules into 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 reduced
would be immaterial. .

The lack of reproducibility of the viscoesity
measurements in the degassed liquid could also be
explained in the same manner as the lack of reproducibility
of the high currents in the degassed spectroscopiec grade
hexane, Sec. 5.4.5., i.e. on composition fluctuations.

In fact the lack of reproducibility obtained in the
viscosity experiments can be looked upon as verification
of the composition fluctuations proposed in that ssection.
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5.4.,8. Dependence of the high currents on molecular

structure.

On the basis of the remarks made in Secs. 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 considersbly different.
However, as mentioned in Sec. 3.7.1. the results were
inconclusive because of the diffieculty in degassding the
liquid with any degree of certainty. Cyclopentane was
then cdnsidered to be the next most suitable liquid.
However, high currents were found in this. It was then
thought that if the true cause of the lack of reﬁroduci—
bility of the results in Specfroscopic 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 quite 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 first sight these results seem to disprove the
lining up process and need explaining. It must be
pointed out that 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 still probable that a high field will
reorientate even these molecules in such a menner that
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the interaction forces between them and the carriers
are reduced. |

With regard to the.test on 3-methyl pentane it is
only fair to mention that this compound is only one.of
the 6 impurities detected by the chromatography, and
it is possible that it is one of the other impurities
which causes the bonding of the molecules. It is also
plausible that each liquid on its own is capable of
sustaining high currents whereas the mixture is not.
Although direct comparison between solids and liquids
cannot be made it is possible to quote an examble from
the solid state where the mobilify_in each of two
elemenfs is comparatively high, yet when one is added to
the other as an impurity, the scattering 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 seryes as an'illustration, since the mechanisms
of conduction in a solid and that in a liquid ére entirely
different. The only conclusive test would be to test
each impurity separately for high currents, and then
mix these pure liquids together in the same ratio as 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 obteined in the different liquids used did
nevertheless differ quite considerably. Thus the high
currents in cyclopentane were in the region of 10'7A,
whilst those in 3-methyl pentane were nearer the 10724
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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
1077 - 107
the pattern of the fluctuations. The 3-methyl pentane,
which showed the highest currents, also showed the

A. There was also a marked difference in

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 tw
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 systems were
different, the spherical electrodes being chromium and
the plane electrodes stainless steel. There were also
differences in the geometries and the effective w@areas of
the two electrode systems.

It seems likely that conduction currents in
dielectric liquids are almost independant of the electrode
material. This was found in the present work and that
of others (3)00). This leaves the difference in the
geometries and 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 be initiated in the region of the highest field
i.e. near an aspefity as 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 alignment is negligiblly small, and a
higher value of field strength above which the
probability of alignmeﬁt is almost unity. Outside
these limits there will be very little area dependence.
It is quite obvious that further work 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 spectroscopic
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 hreakdown
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
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equations showing such instebility (43) and obtain a
figure for the breakdown strength. It should, in
principle, also be possible 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 even
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 ajr-saturated cyclopentane but not in air
saturated hexane. Also, the potential distribution
between parallel electrodes at fields upfo 1.2kV/cm
. has been examined by Forster (68) in a variety of
hydrocarbon liquids, and the addition 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 charg
distribution.

It would certaihly be possible .in principle to put
forward various complicated processes to explain all the
observed phenomens by means of space charge theory.
However, it is one of the basic principles of physics
that when a theory becomes invelved and forced, it is
rejected in favour of a theory which still adequately
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fits the facts and at the same time is more straight-
forward.

5.5.2. Bubble theory.

The formation of bubbles by various processes has
been proposed as a mechanism of breakdown (44), @5) 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 extermal 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; mno such dependence was found.
Further, 3-methyl pentane, whose boiling point is
64°C, showed currents almost 2 orders of magnitude
higher than in cyclopentane which has a boiling point of
49°¢.  Also, the fact that the (I,V) characteristic
approaches a plateau value at fields Jjust 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 runawsay 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 dissociastion 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 reproducibility 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 comparatively weak. This is
shown by the fact that the spectrum of the bonding
vibrations is negligibly changed in passing from the
vapour to the 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 sttached 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
high field considersbly increases 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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gas, 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 ressonably be rejected
for several reasons. Firstly, 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 sharply rising
characteristic instead of the flat topped curve. Also,
the lack of reproducibility of the high currents in the
impure liquid would be more difficult te explain on this
model. Further,: it is difficult to see why oxygen
should sct as a very efficient electron trap in hexane
but not in cyclopentane, 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 o0il (57) and in hexane doped with anthracene
(58) that high velocity free electrons must be present,
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 Oz, and
not in fact a free electron, the mobility which
corresponds 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'%-lV]U2 = 2.5x1.6x1 ergs where M is the mass
12

of the carrier, since leV = 1.6x10 ~“ergs.

Now if the caerrier is a hexane molecule M = 1.44x10_22gms.
From which U = 1;18x1050ms/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 5x10_1cm2volt-lsec-l in order to have s
kinetic energy of 2.5eV,. This agrees with the wvalue of
mobility infered from the high current measurements.
The actusl 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 can reach much higher
velocities. These values have been calculated
assuming the carrier to be a hexane molecule, but the
reasoning is still valid even if the carrier is, ssay,
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 that the lining up of the
channels is initiated at asperities on the electrodes,
and only starts to bridge the gap at higher fields.

Similsarly, the fluctuation measurements.of Hug and
Tropper (56) appear to be well explained by the lining
up mechanism, in which it is proposed that fluctuations
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. When the liquid was subjected to
a non-uniform field, these authors 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-saturasted hexane
were so large at very high fields that 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 field is reached, therefore
when an aligned channel is formed, 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 average field so that the
momentary high currents in the short-lived aligned
channels give rise to large fluctuetions.

Further support for the lining up theory might
come from the viscosity experiments of Hart (60) and
Coelho (61). The latter, 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 configuration of
the molecules, for viscosity, like mobility, is solely
dependant on the interaction potential between the
constituent molecules, and this in turn is dependent on
the radial distribution function. However, this
increase of viscosity produced by the application of the
electric field might be due to some other cause such as
electrostriction. This would also alter the radial
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distribution function and could produce a change in the
viscosity.

Goodwin (59) has reported evidence that in polar
liquids at least, conduction occurs in fildmentary
channels. Although the liquids used in theé 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 that 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 charging indicated the presence
of carriers with a value of mobility approximately 100

3cm2volt—1

times greater than the accepted value of ~Av/10~
sec—l. 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 are postulated to be present in air-

saturated hexane at high fields.

5.7. The source of the carriers.

Three 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 exact 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 thet the
exact value of the field at the surface of the cathode
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 charge.
In any case, the current is almost certainly space
charge limited since there is little or no dependence on
the cathode material. Attempts to prove or disprove
cathode emission processes by the production of field-
current relationships with a certain dgope 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. This process is easily understood
from the diagrams shown in Figs. 54A and B. In these
diagrams, which are shown for the 1s 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 probability of the
electron tunnelling through this barrier is therefore
negligibly small. In a strong electric field the shape
of the well is changed to that shown by the full line in
Big. 54A. The electron then sees a well of finite
width and the probability of tunnelling through it is
finite. Fig. 54B shows the situation when the atom is
near an electrode. Here the image potential of the
electron in themetal 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,
Fowler-Nordheim emission in reverse. The diagrams
shown are for the hydrogen atom, bu# 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. There 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 breskdown 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 breskdown 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 ligquid
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. Purther,
the breakdown strength 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 facts.

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. Also
there wss 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
strength. This, of course, is not entirely conclusiwe
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 suggested in Sec. 5.4.1. that at the electrode
surfaces local fields of 108 - 109V/cm exist. Now
the outward force on the surface of an electrical
conductor situated in a medium of dielectric constant €

is given by P = € X2  adynes/cm® where X is in
' 8TT(300)2 | volts/cm.

If the local field, X, is 108V/cm, and € for hexane is
taken to be 1.9, F = 8.4x109dynes/cm.

Now the tensile strength of steel is 4 - 8x109dynes/bm,
80 it can be seen that a local field strength of
108V/bm would be sufficient to breaﬂdown 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 boiling 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 stronger than stainless
steel (the spherical electfodes were chromium and the
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planes were stainless 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 surfaces
is influenced by oxygen which they absorb from the
liquid. While evidence of this process is very scant,
it must nevertheless be taken into consideration until
evidence is available to discard it.
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6. Conclusions and suggestions 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 nen-reproducibility of the results
in spectroscopic grade 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.

(e¢) 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 chennels.

(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 those from
(¢) and (f) are of the same order of magnitude.
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However, the evidence, although strong, is far
from conclusive, Mobility measurements at very high
fields in highly degassed hexane would be extremely
desirable, both from the point of view of the present
work and the fact that as far as is known, all mobility
measurements 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
2vo1t™Lsec”
are present, it could mean a new tool in the study of

carriers with a mobility of the order of lcm 1

conduction in these liguids. 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 presumed that the
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 theadligned liquid to that of the bulk of
- the liquid is very small. This would seem to rule out
X-ray techniques, because st the present time, X-ray
techniques for measuring the radial distribution function

in liquids are not very accurate (71). An accurate
determination of the dielectric constant of the liquid
at very high fields might detect a field dependence of
the polarizebility of the molecules, but whether or not
the realignment of molecules to follow the displaced
electron coud as proposed in Sec. 5.4.1l. 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 transport of metal from one electrode to
the other. This could possibly be proved by accurate
weighing of the electrodes after a large number of
unidirectional breakdowns, and might prove a useful

experiment to perform.
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Appendix A.

Effective area of 1 em dia, spherical electrodes.

Without any exact knowledge of the aspace charge
density in the gap it is impossible to make an accurate
mathematical enalysis of the field distribution between
two spherical electrodes, As a working rule, providing
that the current is not saturated, it is not unreasonsble
to assume that at s 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 area inside a circle, having the axis
of the electrode system as its centre and the above
mentioned point lying on its circumference.

Consider the electrode arrangément
shown in Fig. 58,
Then (2R - h)h = r’
~.2Rh - K= 1
Now h is very small compared to the

other quantities in the expression.
2

"R o=
2d = the gap length = 50n.
: ~. when h = 25p, then the
distance D, will be twice the gep
length 24. 2
.0025 =-§- since R = 0.5 ems.

FIG.5 8. r = ,0025 sq. ems.

" and the effective area =TIr* = 0.0079%.cms
approx. which is approximately £ sq.mm,
When the gap length is 100n then r'= ,0050 8q. cms,
and then the effective area is approximately 1.5 sq. mm.
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A_ppe_n&ix B .

Pulse obéervation of charge movement between ele_ctrodes:.-

In Fig., 59, A and B are electiod_.-e's

- I A . :of unit cross-sectional area,

' _ T . Comsider a leyer of cherge of
zz=zszezuazagg thickness Ax at a distance x from B _
.e :____==___________¥~}_* - and moving with velocity v.

f l Thg work cloxle in moving j:h-is layer

1B - e distance dx ='nix)eax.Edx  where

. I nix)-is the cha-rge density at X, €
FIG. 59. is the charge on each carrier and E.

'is the electric field. -
: ~ Now this. energy . is supplied by
the applied voltage and is equal to Vi(t)dt ~where 1) is
the instantaneous current in the circuit. ..nx)e.ax.Edx= Vi(t)dt

Ci(t) = %Y._n-(x-mx P, S (1

since it is assumed E = 5 and == a =V = velecity of the
charge layer.

Now coneider the circuit shown in Fig. 60. which is the

_ circuit used in this project.-
R , ' '\Lr In this Rgand Csare the resist-
ance and capacitance of the

) voltage source respectively.
g&ﬁ%ﬁ%ﬁ‘ R ie the messuring resistor.
—t— Por pulses in the microsecond.
region Cgcan be regarded as an
effective short circuit (the
input capacitance of source
was at least .002puF) so thet
the effective circuit is that
shown in fig. 61. ‘Here C is

VOLTAGE _[' '
SOURCE Cs

F16: 60,
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gliven b&'c = Cgap-b C across R + (1nput cepacitance of

'-'cathode follower ete..

‘The equation connecting the inatantaneous current and :
. tye voltage vV is given by c %% %,= 1(t) . o (2) .

The aolution of (2) is gzven by

'-V=' R{fe“‘:(t)dt} ....... '=---(3) when V is the

'.-additional voltage. due to the pulee i.e. excluding the

standing voltage ofthe source. : : _
If the current is due to a charge layer, then from (1)

J(t) a %‘_’ n(x) AX = %‘-'..N- * where N 15 the total_
' ' - number of carriers.
I(t) -Naﬂ/ = const_. 3 for_o<ét"-,< T where T is the

time of transit.
When this is substituted in (3) the aolution is then-

V= VR(I-G&) for o<t<T..._.... (4)
.V is the voltage across R. .- . -
When the time constant of the circuit Rc<k’t the pulee can
attain full height during the transit time ‘of. the charge .

layer, and the pulse shape is then as shown in Fig. 62,

v, - .. In this Vme =NE¥ R,

- When Rc>>'t the quantity
contained in the bracket
in expression (4) can be
expanded to give

i

1

i

)

1

|

I

S
T*ﬁt

S——— "V-N?‘iln‘l'l"'ck)
Flc. 62, - s levptcNeve o (5)

since é% is small and terms of .2nd ‘order and greater can be
neglected.
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Thus V is a linear function of t for o"<t<‘t and the
-form of the pulse is then as shown in E‘ig. 63 4

When t-"(, V= "(l:e -%T= Ne " .. . | - ? '
‘ since * E
FiE.63 . ©
When RC lies between these two extrenmes the pulse shape
is as shown 4in. E‘ig. 64. ‘ 'y '
In this, the current does - - ,‘v"‘-“"" Eaalalicintbalobet
" not decrease 1natant1y ol
for t =T but there ie an : :
,_exponential decay .because- !
of the time constant . of _ E
the circuit. ' ;t_ - b
F1G. 64.

Continuous charge production at-an electrode.

In this case, from (1), 1(‘()—9%-_- | where t<'t.
-' ~using ¥ = -,'E y and N is the

_number of carriers produced in .
. unit time, '
and i(t)= eN
- fort2 ’E

The solution of (3) for these two conditions is then
Vo = eMR [t Re(-eR)] for t<T

V(t) = NeR[i- B—.fc-(,l—' %C)ei'fcg'l for t>7T

This 'ag&g.in can be divided into two extreme casesl,

R»Tand RC<<T , these are shown in- Figs. 65 and 66
resPectively.
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v | o

RC>> ¥ - -RC<<l't

iy
FIG. 65, ' F16. 66.
The signal is then much larger than previously because
there is far more charge in the gap. -

When the charge production is suddenly stopped the
éurrenp will decay as shown in either Fig. 67 or 68
de-pé-nding on whether RC>»>T or RC<T.

"V Sy

P .
~ >t

Il

RC>> T

>t
F1G.67 F16,. 68 ©

Therefore, if. the flow of charge is auddenly halted,
the current does not stop instantly, but decays gradually,.
the rate of decay of the voltage depending on the time
constant. Thus, if many pulses follow each other
rapidly the wave shape would resemble the form shown in

Fig. 69.
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FIG. 69.

Secondary proceéses and space charge.

Equation (2) can also be used where secondary
processes ococur, such as elactron_muliiplication, by
putting in the correct form of i(t). - It is found that
when secondary processes are present, the wave shape is
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-considarably changed from the forms. given above.

When space charge is present the field will not be
-given by %_ and equation (1) will then not be valid.
However, in liquids there is good reason both '
-prerimentally (27), (28) and theoretically (26). to
‘believe that the spéce charge“is #éryiclqae to the
electrodes, so that Over'the'greqier part of the gap B
is constant. .The small. time the carriers spend in the
non-uniform field near the electrodes would not show on
the oeeillograms -taken in thia project. -
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_ Appendix c.

The effect of vegxﬁhigh electric fields on the realignment
' . of non-polar molecules

It has been proposed in Sec. 5.4. that many of the
phenomena which occur in dielectric ligquids when they are
subjected_tefa=high_electric field could possibly be
expiained in'terma-ef reaiignment of the molecules. It
is therefore necessary to examine the possibilify of such
-a.process oceuring in 2 more quantatitive manner.

Without an ‘exact knowledge of - the "interaction forcel
between the ‘molecules it "is impossible to produce a
rigoreus quantative theory for an alignment process.,
However, a few simple arguments will be put forward to
show that such a procese is physically plausible.

 Since-a liquid 16 an isotropic medium the Claueius-
'Moeotti equation will hold, i.e.

- 3. 0M (€1 :
=AW Np VST _ 'where,
. e= polarisability,
M= molecular weight of the molecule =86 for hexane,
N = Avogadro's number = 6,023x10%3" .
P = density of the" liguid = 0,67 for hexane.
€ = dielectric’ constant = 1.9 for hexane.

" Prom which o = 1. 65x10 23 e.8:u. -

Now W, the energy of a polarieable molecule in an
electric field is given by W= 4} o« E° so tha.t when

= J00kV/cm = 103 e.ouu., . W = 8,2x20°2Bergs,

If the field multiplication faetor M due 40 the
"combined effect -of field enhancement at- aSperities and |
‘Space charge 1is 20, say;’ then w =], 65x10 15 erge, and - . -
"1f M = 200 then W = 1.65x10 -13 ‘ergs. e
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“Now the pola'risabilify of two atoms chemically |

- .bonded ie given by Xg = o(,‘cos ® +o<,_sxn e (72) where Xg is

_ ',the polarisability in e. ‘direction inclined at an angle e
'_to the elegtric field. - o<u and oKy are the polarisabilitiee

o -in the directions. parallel e.nd perpendicular to the

‘ direction of the- bonde respectively. _ Avere.ging over all
orientationa givee ot.w = 3 (ot -+2°<_,,)
: To a first approximation the polarieebility of a
molecule is given by ‘the sum of the. polarisabilitiee of the
aepe.rate bonde. Por the hexane molecule &,, and o<, for the
c-C bond are 18.8 and 0.2x10 ~250m3 respectively while -

. for the C - H bond the values are 7.9 and 5. 8.

Thus the prOportion ofot due to the five 0 - C bonds
¥ x5%(19:8 + 2 x 0-2)

g x5x%x (19:8 + 2 x 0-2) +§xl4x(79+2xs 8)
It is eesily seen that the main dependence of o upon e
1s due to the C - C bond, as follows.

= 0.26

For the C - Cbond o(,-[leacose-o-ozsm e}mo ®¢ms? .

-25
= }18-6 c0s*@ '+ 0-2(C05%6 +sIn 2g)} %10 "tms

~25
= ins -6 coste +0- z} X 10 ems?,

For the c - H bond og= {79cos e +5 ssm e}xlo tms3
= {2-1 cos*® +5-9.(cos%@ +31n?@)¥x10 eme?

-2 )
= {2-1 coste +5-9} %10 Scms3

Thus, as a rough epproximation only the drientatie;ug} the
€ - C bonds need be considered,and for M = 200 this is
approximately 0.26 x 1,65 x 10"13 = 4,3 X 10~14 ~ ergs.
If @ ie the potential energy of the molecule in the field
of 1ts neighbours and (@) is the angle dependence of @,

. then the potential_energy of the molecule.at an angle 6

. %0 the electric field is We =(@ §(6) - 4-3x10 “cos*e)ergs. f(o)
will, of course, be different for each molecule since the

| equilibrium_orieptation of the molecules is random.
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. Now the ratio of the. prbbabilitieslof the molecule
'.being at angles 6, and 0, ia | e n- /e “'?

1fe,, =0 and 8 = 609 ‘the ratio will be _
-{(pﬂe) -¢f<90°)) ~ 4310 }/k'r- at 300°C kT =4moergs

From experiments on the activation .energy of the
vieeosity of hydrocarbon liquids (68) the potential energy
of & molecule in the ‘field - of its neighbouring molecules .

18 in the region of. 0.1eV, i.e. 16x10 14 ergs. . Thus ¢.|&T

' and the change in energy due to orientation are all of the
seme order of magnltude,and whether or not the molecules_
will tend to line up will be atrongly dependent -on the

" form of fFle) ., In the case where f(e) is not a strong _

' function of 6, the ratio of the probabilities of finding

the particle at 0° and 90° will be e*-r < 2-96" M= 200.

-2
- and e%.i"o"‘ ‘= 1.0l Jf M = 20.

- Thus, if M = 20 there will be =& small tendency for the
1.moleculea to rotate in. the direction of the field while
ifN= 200 the degree of rotation will be very high '
indeed.

In view of the fact that the degree of alignment is
very sensitive to the form f(e) it might be expected that
the degree of reerientation would be different for
different liquids. This would explain the variation of
the maximum current found in the different liquids
~used (see Sec. 5.4,8.). '

The above. argument has been based on the assumption
that the polarisability of & molecule is constant. In.
fact it has been proposed on theoretical grounds that at
fields of 108v/bm it is- strongly field dependent (64)



sy

u'ThiSJWOuld-héve the effect of further increasing the
. _energy of the molecules 1n the . electric field and: the

probability of alignment.
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