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DETERMINATION OF FIELD DISTRIBUTION IN DIELECTRIC
LIQUIDS BY THE “DRIFTING LAYER” METHOD"
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The motion of a thin layer of ions produced by ionizing radiation is used for determining
the distribution of field in dielectric liquids. The field distribution was determined in this way
when the measuring chamber was filled with paraffin hydrocarbons, cyclohexane, silicones and
carbon tetrachloride.

Introduction

Knowledge of electric field distribution makes it possible to describe the phenomena
which occur when current flows through dielectric liquids [1]. For most dielectric liquids
the liquid-electrode contact is not ohmic; only a part of the current carriers reaching the
electrodes become immediately neutralized. In some aromatic hydrocarbons the charge
injection from the electrodes into the liquid also takes place [2, 3]. These processes bring
about an accumulation of space charge in the liquid, what deforms the field distribution.
Field distribution measurements provide information on the phenomena occurring on the
electrodes and also on the quantities which characterize the transfer of charge in the liquid.
For example, Silver [4] calculated the mobility of ions of both signs, the recombination and
diffussion coefficients, and the efficiency of ion production in a liquid by using the potential
distribution measured by Forster [2] in benzene.

The diffusion of charge carriers, because of their nonuniform distribution in a liquid,
gives rise to polarization effects described in the papers by Jaffe and Le May [5] and Zaky
and House [6]. For high charge densities the decisive role is played by the drift of charge
carriers in the electric field generated by space charge. The dependence of current intensity
upon applied field and time for the analogous case of current flow in solid insulators was
examined, among others, by Mott and Gurney [7], Rose [8], and Many and Rakavy [9].

Hitherto, two methods of examining field distributions in dielectric liquids were in
actual use. One of them is a measurement of field distribution with a charge probe [2, 10,
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11, 12], and the other utlizes the Kerr effect [3, 13, 14, 15, 16, 26]. Both methods have limited
ranges of application, however. The probe method may be used only in the case of liquids
with conductivities not lower than 10-15 Q-1 cm~1; hence, it cannot be used, for instance,
for highly purified paraffin hydrocarbons of electric conductivities between 10718 to
10-20 Q-1 em1. The method utilizing the electro-optical effect is restricted to liquids with
large values of Kerr constant, and was primarily used in the case of nitrobenzene.
A miethod “of V' hﬁéﬁsufiﬁg jﬁelé‘ ;di&ﬁﬂdﬁéh@ véitlféﬁ{ ‘these A_Ié'sfr‘i\c:t‘idhé,-‘jvb:a;s‘ed"(an" ‘the
determination’ ’()fiélécfliést;iéfic;dl f)réssﬁré,:(%ég i'gix;én '\I;)yi’rétuéfier;[%l;ﬂ"TB;]: but it did not
become a very widely used tool. 1This vacancy, regarding liquids with the lowest values of
conductivity is filled by the **drifting layer” method described below. An attempt to apply
this method for measuring .the field  distribution in hexane, was made by Bloor and Mor-

ant [10].
Measuring procedure
The ,iopefatinga principle of the measuring a;‘rangemenf is.shown in Fig.1. At one of the ele-
ctrodes the ionizing radiation forms a thin layer of ions. Ton motion inthe electric field induces

a current in the circuit, the intensity of which depends on thé'rate of dtift. The potential
drop on the high ohmic resistance Uy or on the capacitance Ug connected with the chamber
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Fig. 1. Principle of field distribution measurement by “drifting layer” method
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is recorded on the bsciﬂégraph after being appropriately amplified. This method was used
by Growski arid Terlecki [19], Le Blanc [20], Tetlecki [21], Allen ‘and Hurmmel [22], Ja-
chym [23] and Schmidt and Allen [24] for determining the mobility of ions by measuring the
time in' which-the ion layer passed: between the.electrodes. :Improvements of the measuring
technique now enables the application of this method in measurements of the distribution.
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of electric field strength between the chamber electrodes. The relation of current intensity 1
in the external circuit with the field dlstrlbu’uon in the liquid is calculated in the following
manner. The work which the electric field must perform to displace an ion layer of charge
¢ in a field of strength E, by the dlstance dx is equal to the work of a source of current at

)

Voltage Vv durmg tlme dt

Vi = qEdn | T
Teking into account that dx/dt = uFE (u ion mohﬂity) yield the formula
o el _. quEE N eacle Af s h
g e o E "l @

ThlS formula says.that" current mtensn‘.y is’ proportlonal to the square of the field strerigth
at'a ‘given point. 'When thé ion’ layer moves -in’ a homogeneous field'of strength E, = Vid
(d is ‘electrode ‘spacing) the ‘current inténsity in the external circuit is ‘constant and is ex=
pressed by i

uk, q
I'="',q 01=~~:—v—v9vi. 3
(vo is the’ veloc1ty of ‘the Iayer), while the charge collécted on the capacitor is proportlonal
to tlme (Fig: 2a; b onC) Sl the current ‘intensity in the’ external ‘circhit ‘alters w1th tlme, *thls
is* an’ indication that ‘the field distribution’is non-uniform; * ; ‘ .
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Fig. 2. a) umform field’ strength dlstrlbutlon, b) drop of potential Uy on hlgh ohmic resistor during ion migra-
__tion, ¢) rise of potentlal Uc on capaditor during ion layer migration

For an inhomogeneous field the distance between the ion layer and electrode is a non-
-linear function of time x(f). From the run of oscillograms it is possible to calculate the:
electric field strength E )= E, as'a function of-time on' the basis of Eq. (2)./ The: function:
x(t) is found from.the formula - -~ - - o

A x(t):j,dEdt ) .' ' | (4)

whlch enables calculatlon of field strength E' versus. dlstance. The absolute values of field
strength and dlstance are found from the conditions
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and
. Tx
d= f uE,dt (6)

(T is the time of the ion layer’s transition hetween the electrodes.) It the time dependence
of the charge Q; collected on the capacitor is measured, the current intensity is
dQ;
Li=—-. ™
The accuracy of this method depends on the fulfilment of the following requirements.
The chamber design should guarantee geometrical uniformity of field. The ion layer tickness
must be small compared with the regions of field inhomogeneity. The layer charge density
should be low enough to make possible to neglect diffusion and Coulomb repulsion of the
ions in the layer, and its electric field should not deform the charge distribution in the
liquid.

Measuring arrangement

The measuring arrangement is similar to that used in the work by Gzowski and Terlecki
[19]. Figure 3 shows the block diagram of the set-up. A major role is played by the electronic
key which controls the operation of the entire system. During ionization the key, via a switch,
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switch- h.v. power supply control time marker
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Fig. 3. Block diagram of measuring arrangement

cuts off the high voltage and grounds the electrometer and oscillograph connected to it. Once
the ionization is concluded, a voltage is applied to the chamber and then, after a short delay,
the electrometer and oscillograph are switched on. The key also enables ionization when
voltage is applied to the measuring chamber. The runs of voltage on the high ohmic resis-
tance and on the capac1tance, visible on the oscillograph screen, were photographed.

The measuring chamber shown in Fig. 4. filled with the examined liquid, could be
shifted along the vertical axis. In this way the ion layer could be formed at any point between
the electrodes. The design of the handle allowed precise setting of the beam parallel to the
electrodes and collimation of a radiation beam of any required thickness.
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Fig. 4. Diagram of measuring chamber with handle for position control and radiation beam collimator

Results of measurements and discussion

With the ;‘hethod described here the distribution of the electric field in paraffin hydro-
carbons, cyclohexane; silicones and carbon tetrachloride were measured. The chamber
electrode spacing was from 0.5 cm to 1.4 cm. The applied voltage from a battery was va-
riable within 0.5kV to 1.5 kV. An ion layer from 0.3 mm to 1 mm thick was formed at.
one of the electrodes. After a lapse of time of the order of several tenths of a second the
carriers of one sign were neutralized on the electrode, and the ion layer of the opposite sign
moved between the electrodes. Assuming an approximate equality of the mobilities both
positive and negative ions (what is true in liquids insufficiently purified, having a conducti-
vity of order 10~ to 10-16 Q-1 cm~1), the distance of the ion layer front from the electrode
at the instance when all the ions of opposite sign are neutralized can be estimated-to be
nearly 2 mm. The current intensity in the external circuit was less than 10-12 A; this cor-
responds to a layer charge of 10~ coul. In this situation the applicability conditions for
the method are satisfied [25]. Measurements were performed for charge carriers of both
signs by measuring the voltage on both the capacitor Ug and on the resistor U = The oscillo-
grams ‘shown in Figs 5a and b are examples of the voltage curves observed in carefully
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purified liquids, in this specific case Siz0,(CH,)g of an electric ‘conductivity of approx.
10-19 Q-1 cm~1. From the potential drop on both the resistor-ard capaeitor it is seen that
the field is uniform and equal to Ey = V/d. Determination of the mobility of excess ions
in this case is rather easy, because of the simple formula u = d2/V’T. The time the ions take
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Fig. 5: “Tithe- dependence of a) potential Ui on res1st0r, ) potentlal Ug on capacltor for 81302(CH3)8 Tlme
interval between steps is'0.16 sec. Electrode spacing d'= 1 cm. 'Applied voltage ¥ = 790 V. ‘Negative carners
-Mobilities: u_=.6.6x10"* em®V-tsec !, u, =2.5%107% cm?V-1sect, ¢ ~ 10710 Temt

to pass between the interelectrode distance d is strictly defined and. easy to read. Diffe_rem';v
voltage Tuns are.obtained for liquids purposely not purified: of a-conductivity of the order
10~ Q-1 cm™2, or for a liquid in freshly manufactured. measuring chambers.

. Results received. in such cases are illustrated by the oscillograms in Figs 6a and b. The
oscillograms are more complicated than former ones. In accord with what was said above, it
should be attributed primarily to the inhomogeneous field distribution between the chamber
‘electrodes. The initial jump of potential in the curve presented in Fig. 6a is associated with the
near electrode drop in field strength at the place where the ion layer is'formed and with
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the temporary presence, of thej other layer of opposite sign, which had-not yet been.able. to
reach the electrode. Ne,xt, ‘the migration of the ion'layer leads it into. a. regmn of lower
strength, what causes.drop,in current intensity injthe, ¢ircuit.:A subsequent rise-in potential
(Fig. 6;7,), ig:seen.when the ion layer enters.the region: of stronger field in the vicinity.of the
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Fig: 6. Time dependence of a) voltage. Ulé or resistor, b) voltage Uc on capacitor in' the case of an inhmogeneous
field distribution (decane: o ~ 10-15'Q-1 em1). Electrode spacing d — 1.4 cm. ‘Applied voltage V = 902 V.
' . Positive carriers. Interval between steps is 0.16 sec -
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other electrode. Attention is attracted by the lack of a sharp boundary at the time when the
layer of ions reaches this electrode. This is also seen when either a high ohmic resistor
(Fig. 6a) or a capacitor (Fig. 6b)is included in the circuit. It should be remembered, how-
ever, that inhomogeneous field distributions are observed in liquids which do not have
the lowest values of conductivity. As is known [22, 23], in such liquids ions of much lower
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mobilities are created during ionization and ion migration, and this gives a diffused -picture
of the arrival of ions to the electrode. This arrival of slow ions takes some time. In our case
we assumed that the arrival time for the layer of excess ions to the electrode is that instant
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at which the potential Uy measured on the resistor reaches its second maximum. This time
has been compared with the time at which there is the inflexion in the curves of the poten-
tial U, on the capacitor as a function of time. In all cases these times are consistent.

In order to express the field distribution as a function of interelectrode distance from
the obtained oscillograms, which give the field distribution as a function of time, calcula-
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tions were made accordingly with the formula (2) and (4)~(7). Field distributions calculated
in this way for decane, cyclohexane and carbon tetrachloride are shown in F. igs 7a, b and c.
In accord with formula (5), the mean electric field strengths are proportional to the areas
under the curves in these figures. The dashed lines illustrate the mean values of applied
field Ey = V]d, and they run in such a way that the areas above and below the line are
equal. 4 ' '
Determination of field analytically, in the sense that a general dependence E(x, V)
be given orily on the basis of the obtained oscillograms, is difficult. This is because the shape
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of the field distribution changes when there.is a.change in.the voltage 77 applied to the elec-
trodes orithe electrode spacing d. This was: expounded explicitly in-Ref: [3].. Therefore;
only the graphical. technique was used. for: giving ‘the field distribution.for. each: value’ of
applied,-nvoltage, ‘hence, -for: éach- specific- oscillogram.. ©:. © . - :
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Fig. 7. Caleulated field distributions between chamber électrodes for a) decane, b) cycloiléxane, ¢) carbon tetra-

chloride, as a function of applied voltage. + Ug denote the curves obtained from potent1al drop measurements

on resistor ‘during metion of positive ions. The hatched region at the anode represents the fonized voldme of
liquid. The dashed lines parallel to axis of abscissae represent the mean values'of applied field-
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Summary g AY s s ,‘.vf.

) The results of measurements-andthe dlscussmn in the foregomg 1ndzeate ‘a“real . pos&-
bility of applying ‘the descnbéd method for. field estimate, especmlly in'the ¢vents Wheri the
conductivity of the hquld ranges from 10~18 1010~20 Q~T'cr1. The electric field disthibution
considerably affects the shape of the current-voltage characteristics for both natural and ioni-
zation conduction. Attention was also turned to the eventuality that an inhomogeneous distri-
bution of field may bear an essential effect orl the values of measured mobilities of excess ions
in liquids. These values may be systematically undervalued or overvalued, depending on the
place where the ion layer originates in the interelectrode space. Extremely thin ion layers,
required when electrode spacings are small, can be achieved by photoemission of electrons
from the cathode induced by ultraviolet radiation [20, 21]. A drawback of the method des-
cribed here is first, that it cannot be used for liquids of high natural conductivity when the
ionization effect is imperceptible. and, secondly, that at a rather complicated electronic sys-
tem for detecting the migrating ion layer is required.

We thank Professor I. Adamczewski for his interest and helpful comments during the
performance of this work.

REFERENCES

[11 I. Adamczewski, Ionization, Conductivity and Breakdown in Dielectric Liquids, Taylor and Francis,
London 1969.

[2] E. O. Forster, J. Chem. Phys., 37, 1021 (1962); 40, 86 (1964); 40, 91 (1964).

[38] R. Tobazéon, Phénoménes de Conduction dans les Liquides Isolants, C.N.R.S., Paris 1970, p. 407422,

[4] M. Silver, J. Chem. Phys., 42, 1011 (1965).

[5] G. Jaffé, Ch. Z. Le May, J. Chem. Phys., 21, 920 (1953).

[6] A. A. Zaky, H. House, J. Appl. Phys., 34, 3194 (1963).

[7] N. F. Mott, R. W. Gurney, Electronic Processes in Ionic Crystals, Oxford University Press, London
1957.

[8] A. Rose, Phys. Rev., 97, 1538 (1955).

[9] A. Many, G. Rakavy, Phys. Rev., 126, 1980 (1962).

[10] A.S.Bloor, M. J. Morant, Phénoménes de Conduction dans les Liquides Isolants, C.N.R.S., Paris
1970, p. 509-523.

[11] R. Guizonnier, Rev. Gen. Electr., 63, 489 (1954).

[12] R. Guizonnier, Phénoménes de Conduction dans les Liguides Isolants, C.N.R.S., Paris 1970, p. 257-262.

[13] P. Atten, J. P. Gosse, Phénoménes de Conduction dans les Liquides Isolants, C.N.R.S., Paris 1970,
p. 325-343.

[14] M. Z. Croitoru, Bull. Soc. Franc. Elect., 8, 342 (1960).

[15] C. E. Hill, H. House, Phénoménes de Conduction dans les Liquides Isolants, C.N.R. S Paris 1970,

p. 465-481.

[16] A. F. Pollard, H. House, Phénoménes de Conduction dans les Liquides Isolants, C.N.R.S., Paris 1970,
p. 483-487.

[17] O. M. Stuetzer, J. Appl. Phys., 30, 984 (1959).

[18] O. M. Stuetzer, Phys. Fluids, 6, 190 (1963).

[19] O. Gzowski, J. Terlecki, Acta Phys. Polon., 18, 191 (1959).

[20] O. H. Le Blanc, J. Chem. Phys., 80, 1443 (1959).

[21] J. Terlecki, Nature, 194, 172 (1962).



452

[22] A. O. Allen, A. Hummel, Disc. Faraday Soc., 36, 95 (1963).

[23] B. Jachym, Acta Phys. Polon., 24, 243 (1963); 25, 385 (1964).

[24] W. E. Schmidt, A. O. Allen, J. Chem. Phys., 52, 4788 (1970).

[25] P. Atten, Phénoménes de Conduction dans les Liquides Isolants, C.N.R.S., Paris 1970, p. 526.
[26] E. C. Cassidy, H. N. Cones, Journal of the SMPTE, 79, 590 (1970).



