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STELLINGEN
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Het maximum in de mobiliteit van excess electronen in vloeibaar argon kan wcrden
verklaard met het zogenaamde "zero-scattering length" model. Dit model wordt
door Cohen ten onrechte met het Ramsauer effect in verband gebracht.

M. H. Cohen, a n . J. Chem. 55 (1977) 1906.
T. F. O'Malley, Phys. Rev. 130 (1963) 1021.

II

De bewering van Cohen dat het, voor de berekening van de le afgeieide van de
"background potential" Uo naar de dichtheid, p, als functie van p, niet van belang
is of voor de waarden van Uo de semi-empirische resultaten van Jahnke et al. dan
wel de theoretische waarden van Springett et al. worden genomen, is onjuist.

M. H. Cohen, Can. J. Chem. 55 (1977) 1906.
J. A. Jahnke, N. A. W. Holzwarth and S. A. Rice, Phys. Rev. A5 (1972)463.
B. E. Springett, J. Jottner and M.H.Cohen, J.Chem. Phys. 48 (1968) 2722.

HI

Het is te verwachten dat een metaal-niet-metaal overgang voor een systeem met den
component, zoals door Mott voor vloeibaar kwik is beschreven, algemener zal voor-
komen.

N. F. Mott and E. A. Davis: Electronic processes in non-crystalline materi-
als (Oxford, London, 1971) Chap. 3.

IV

Het gebruik van een Arrhenius vergelijking voor de beschrijving van de temperatuur-
afhankelijkheid van transportgrootheden, zoals de mobiliteit van exces electronen,
gemeten langs de coexistentie kromme van de vloeistof, is van geen direct fysisch
belang.

Een warmteschakelaar, gebaseerd op de hoge thermische magnetoweerstand van be-
ryllium, is voor specifieke toepassingen in het temperatuurgebied tot 30K zeer ge-
schikt.

R. Radebauch, J. Low. Temp. Phys. 27 (1977) 91.
J. M. L. Engels, F. W. Gorier and A.R. Miedema,Cryogenics 12 (1972) 141.

VI

De door Wang et al. gerapporteerde waarden van HC2, het magneetveld waarboven
bij een type II supergeleider alle sporen van bulk supergeleiding verdwenen zijn,
berusten op een verkeerde definitie van HC2.

R. H. Wang et al., J. Appl. Phys. 49 (1978) 1392.
W. A. Fertig et al., Phys. Rev. Lett. 38 (1977) 987.



VII

Het feit dat de niet-Üneaire differentiaal vergelijking voor de warmtebalans, zoals
opgesteld door Wheatly et al. voor de beschrijving van een He3-He4 mengkoeler
waarin He3 circuleert, exact oplosbaar is, maakt het mogelijk om het koelvermogen
op een relatief eenvoudige wijze te bepalen.

J. C. Wheatly, Physics 4 (1968) 1.

vni
Voor een beter begrip van het electrische doorslag mechanisme in vloeistoffen, is
het zinvol deze doorslag in zuiver methaan of argon over een groot temperatuur-
traject te meten.

IX

In de laatste decennia is het kindertal van gezinnen met een hogere maatschappe-
lijke status relatief toegenomen. De overheid dient zich tijdig te realiseren dat hier-
door het aantal gediplomeerden van het tertiair onderwijs in de toekomst relatief
nog groter zal worden.

Het lijkt onbegrijpelijk dat het, door de wetgever vastgestelde maximale forfaitaire
bedrag a f. 800,-, hetgeen als aftrekbare kosten voor de berekening van het belast-
baar inkomen in aanmerking mag worden genomen, al sinds de invoering van de
wet op de inkomstenbelasting in 1964 ongewijzigd is.

XI

De beste stelling is een aanstelling.
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1. INTRODUCTION

The behaviour of excess charge carriers in dielectric liquids has been the
subject of extensive studies, ever since the first observation of the effect of X-ray
ionization in liquids due to Thomson (1897). He reported an increase of the electric
conductivity of the liquid under irradiation. Much research was focused on the
transport properties of the excess charge carriers involved and resulted in measure-
ments of their drift velocities. The transport properties of excess charge carriers in
liquids may be relevant in the study of electrical breakdown, and may also provide
information which is useful in radiation chemistry, in addition, one might expect
that the study of the transport of charge carriers in liquids makes it possible to
relate their behaviour to more general properties of the liquid.

In his book Adamczewski (1969) reviews the early measurements and
experimental methods used in the study of ionization, conduction and breakdown
in dielectric liquids. The more recent research on mobility, conduction and break-
down in 'simple' dielectric liquids is reviewed by T.J. Gallagher (1975). Theoretical
work concerning the behaviour of low-energy electrons in non-polar fluids is dealt
with by Davis and Brown (1975), while Schmidt (1977) has reviewed studies of the
effect of the molecular structure, the temperature and the field jn the electron drift
velocity in liquid hydrocarbons.

1.1. Historical notes
The transport properties of a charge carrier can be studied by the measurement

of the drift velocity, v j , which is the velocity that results if an electric field, E, is
applied. In general there exists a low-field region in which vj is proportional with E.
In this field region the ratio of the drift velocity and the electric field is equal to the
mobility (J.. It is noted that sometimes in the literature field dependent mobilities
are introduced as well. In this thesis (i will always denote the field independent
mobility.

For many years the mobility of charge carriers in n-hexane, as reported by
various authors, was of the order of magnitude of 10"7- 10'8m2/Vs. Later it
became clear that these charge carriers were in fact unidentified (atomic or mole-
cular) impurity ions. The first indication of the existence of a negative charge
carrier having a drift velocity higher than that of ions, was found by Malkin and
Schultz (1951). These authors observed a negative charge carrier in liquid argon with
a very high drift velocity. This drift velocity was a non-linear function of the electric
field and they could not measure the drift velocity at such low fields that it was pro-
portional with the field strength.

In order to be able to determine the mobility of the fast negative charge carrier,
the liquid sample has to be purified thoroughly with respect to electron scavenging
impurities. This propably explains why the first value of the mobility of this fast
negative charge carrier in a dielectric liquid was not published until about 14 years
later, by Schnyders, Rice and Meyer (1965,1966). They observed a negative charge
carrier in liquid argon with a mobility much higher than that of ions. In view of
this extremely high mobility (10"2-10"1m2/Vs), the charge carrier is often referred
to as a 'quasi-free' electron.

In 1969, after rigorous purification of n-hexane and of tetramethylsilane,
Minday, Schmidt and Davis (1969), and Schmidt and Allen (1969), respectively,



were the first to report on the mobilities of negative charge carriers in molecular
liquids with a mobility higher than that of ions. Since then a large variety of
organic liquids has been studied, and mobility values in the range from 10"6 to
10"2m2/Vs have been reported. Data on the mobility of electrons in a number
of dielectric liquids are given in table 1.]. From these data the large range of
mobility values becomes apparent.

In liquid helium and neon the mobilities of electrons appear to be of the
same order of magnitude as for molecular ions. Due to the low polarizability of
He or Ne atoms, the interaction between the electron and these atoms is repulsive.

Table 1.1.
The mobility of excess electrons in a number of non-polar dielectric liquids measured
either close to the normal boiling point of the liquid or in the saturated liquid at
room temperature (296 K).

Liquid

3 He
4 He
Ne

Ar
Kr
Xe

methane
ethane
propane
butane
pentane
hexane

neopentane *)
neohexane **)
cydopentane
cyclohexane

M
xlO-W/Vs

0.037
0.02
0.0016

530
1800
1900

400
0.97
0.55
0.4
0.16
0.09

55
10

1.1
0.35

T
K

3
4.2

25

87.4
117
169

111
200
238
296
296
296

296
296
296
296

reference

1
1
2

3
3
3

4
5
5
6
6
6

6
6
6
6

1 ) Davis, Rice and Meyer (1962b)
2 ) Loveland, Le Comber and Spear (1972)
3 ) Miller, Howe and Spear (1968)
4)Bakale and Schmidt (1973)
s ) Robinson and Freeman (1974)
6 ) Schmidt and Allen (1970)
*) 2,2-dimethylpropane
**) 2,2-dimethylbutane



As a result the atoms surrounding the electron arc pushed away and so the electron
creates a cavity. The electron in the cavity moves together with the surrounding
atoms and therefore has a mobility of the same order of magnitude as the molecular
ions. In liquid argon, krypton and xenon the higher polarizability of the atoms
apparently results in non-localized electrons with a high mobility.

From table 1.1 it can be seen that electrons in molecular liquids consisting
of spherical molecules have a high mobility, the most striking example being the
case of liquid methane. Apparently, the mobility of electrons is sensitive to the
shape of the molecules as can be seen by comparing the mobilities in liquid neopen-
tane(5SxlO*4m2/Vs),cyclopentane (l.lxlO'4m2/Vs)and n-pentane
(O.l6xlO-W/Vs).

The temperature dependence of the mobility of electrons in argon, krypton
and xenon has been determined in the entire liquid coexistence range between the
triple point and the critical point. The mobility of the electrons in these liquids shows
a maximum in this temperature range. The temperature dependence of the mobility of
electrons in molecular liquids at temperatures close to the normal boiling point of these
liquids has been found to be more pronounced the lower the electron mobility. In the
course of this investigation data were published by other authors concerning the
temperature dependence of electron mobilities in some molecular liquids. These
results are discussed in chapter 6, it will be shown that they are consistent with the
results of the mobility measurements in methane as presented in this thesis.
The mobility of excess electrons in solid argon, krypton and xenon has been
reported by Miller, Howe and Spear (1968), in solid neopentane by Shinsaka and Free-
man (1974) and in solid methane it has been measured by Le Comber (1977). For
these solids the mobility of electrons in the solid and in the liquid phase at temperatu-
res close to the triple point has been found to be similar.

For gases, the behaviour of electrons was satisfactorily described by Lorentz
(1905). In his theory the electron mobility is given by

^ 3 l i n k e r "pa • M

Here m is the electron mass, kg Boltzmann's constant, T the absolute temperature,
e the charge of the electron, p the gas density and a the cross-section for electron
scattering. Lorentz only considered single, elastic scattering of free electrons in the
gas. For liquids and solids the correlations between the atoms or molecules will
certainly modify the above expression.

In solids, electrons, being in thermal equilibrium with the lattice (thermalized
electrons), can be shown to have a mobility

1.2

as was first given by Shockley (1951). Here m* denotes the effective mass of the
electron and /0 the electron mean free path. The mean free path is taken to be



independent of ihe drift \docii\ i>l" t'mr diction and inversely proportional to
the tempcraf me ('<ni.sctaii.nii;.. ;he mobility varies as T'3 1 .

More recently Colu-u .imi J.eknw \llJn7) proposed a theory for the mobility
of hot elections in gases, liquich and solids. ihe> assume single elastic scattering of
the electrons and they t; ke tin- properties of '.he medium into account through the
liquid structure factor, .S(k). win're k is J measure for the momemtum transfer of
the electrons. In (lie limit of vanishing electric fields the effective cross-section is
found to be proportional to a scattering length for electrons, a0, and to S(0).
which is the long-wavelength limit of the liquid structure factor. The latter is given
in terms of the isothermal compressibility xj by S(0) = pkg Txj . The cross-section
can be expressed as u — Anuf, S((M so that the mobility then takes the form

22 / 2 j '/2 e ! 3
3 l nmkuT- 4CTHO S(0)p.

As was fotinil for solids by Shockicy, the mobility varies as T"3'!. In fact only for
liquid argon, at temperatures close to (he triple point, this fils in with the experi-
mental observations.

The mobility of electrons in argon at a temperature of the liquid of 84 K has
been calculated by Lekner (1967) using liq. 1.3. He calculated the value of the
scattering length using a semi-empirical potential in the liquid. For liquid methane
at 120 K, Fueki (1972) calculated the mobility using bq. 1.3, whereby he estimated
the value of the scattering length from data in the gas phase and data for the isoelec-
tronic neon atom. For both argon and methane the correct order of magnitude for
the mobility of electrons was found. Recently, Gryko and Pcpiclawski (1977)
attempted to apply the Cohen and Lekner theory to the mobility of electrons in
krypton. This was prompted by recent results on the compressibility of liquid kryp-
ton. The scattering length was calculated for the liquid at 117 K using the same type
of semi-empirical effective potential as was used by Lckner for his calculations for
argon. The mobility calculated for krypton was of the same order of magnitude as
that for argon and methane, whereas the experimentally observed mobility, reported
by Schnyders, Rice and Meyer (1966), was substantially higher, namely
1.8xlO'1m2/Vs>- Tims the original Cohen and Lekner theory fails to produce the
correct value of the mobility in liquid krypton at 117 K.

A much more serious objection against the Cohen and Lekner theory is the
fact that it does not explain the observed maximum in the mobility of electrons in
a number of non-polar dielectric liquids. Several extensions of the theory have
been suggested in the literature, bui none of them gives a completely satisfactory
explanation.

The drift velocity of electrons in non-polar dielectric liquids has been
found to be a non-linear function of the electric field at increasing values of the
electric field. The onset of a non-linear field dependence of the drift velocity of
electrons in liquid argon, krypton and xenon becomes apparent at values of the elec-
tric field of the order of 104 V/ni. For the electrons in liquid methane the drift
velocity is a linear function of the electric field until about 10s V/m, while for all
other molecular liquids the linearity region extends to still highei values of H.
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It is commonly assumed that the deviations of the drift velocity from a linear
field dependence at increasing electric field values arc caused by the increase in the
mean kinetic energy of the electrons. These hot electrons are no longer in thermal
equilibrium with the atoms or molecules in the liquid and consequently the cross-
section for scattering of these electrons is changed.

The observed field dependence of the drift velocity of electrons has not yet
been explained in detail. The drift velocity at field strength slightly higher than the
field value at which the onset of a non-linear field dependence becomes apparent in
the argon data has successfully been described by Shockley in his hot-electron
theory for solids. This is shown by Spear and Le Comber (1969), but also the hot-
electron theory of Cohen and Lekner provides for a correct description of these
argon data, as shown by Lekner (1967). However, the observed saturation at higher
fields is not predicted by these theories. Nor is the field dependence of the drift
velocity in molecular liquids understood in detail

1.2. The scope of the present investigation
The aim of the present investigation was to study experimentally the

behaviour of electrons in non-polar liquid hydrocarbons. It was decided to measure
the drift velocity of excess electrons in the simplest hydrocarbon, methane, in a
temperature and density range as large as possible. In the course of this investigation
it became apparent that there was a similarity between the mobility of excess elec-
trons in liquid methane and that in liquid argon. Therefore, a number of measure-
ments of the drift velocity in argon and in mixtures of methane and argon were
carried out as well.

In chapter 2 a short survey is given of the experimental techniques that can
be used to determine the drift velocity of excess charge carriers in dielectric liquids.
In connection with this survey the methods,that can be used to generate excess
electrons in the sample are dealt with and finally a discussion is devoted to the
signal which is a measure for the drift velocity of excess electrons.

Chapter 3 presents a detailed description of the experimental set-up. The
excess electrons are generated with a high-voltage electron gun, which produces a
pulse of highly energetic electrons. A fraction of these electrons enters the liquid
sample by passing through a thin metal foil which separates the liquid sample and
the vacuum present in the electron gun. This experimental technique for generating
excess charge carriers was used by Miller, Howe and Spear (1968) for drift velocity
measurements in liquid and solid argon and krypton. For measurements in liquid
hydrocarbons an apparatus based on the same principle was built by van Boeckel
(1969). Especially, the construction of the thin-metal foil electrode was improved
considerably, enabling high pressures (65xlOs Pa) to be applied while the foil can
nevertheless be used as one of the electrodes of the measuring capacitor. The
remaining part of chapter 3 deals with the design of the measuring cell, the sample
handling, including its purification and the method used to check its purity.

Chapter 4 discusses the experimental set-up and describes the effect of diffe-
rent experimental variables on the results. The chapter concludes with the estimated
errors of the various measured quantities and their consequences for the accuracy of
the calculated quantities.

In chapter 5 the results of the drift velocity measurements in fluid methane.
argon and mixtures of methane and argon are given. The drift velocity is measured



as a function of the electric field. For the mixture the mixing ratio is varied over
the entire range of composition.

Chapter 6 deals with the merits aud limitations of the experimental set-up. The
results of the measurements are discussed and compared with data reported in the
literature. Whenever possible theoretical approaches are tested. Finally, a conjecture
concerning the explanation of the observed maximum in the mobility is presented.



2. EXPERIMENTAL METHOD

The study of the drift veledty of charge carriers in dielectric liquids has been
the subject of many investigations. In this chapter the different methods developed
to measure the drift velocity are briefly discussed. In connection with this discussion
a number of methods to generate excess electrons in the liquid is touched upon. For
a more extensive review the reader is referred to publications by Adamczewski
(1969), Hummel and Schmidt (1971) and Gallagher (1975). The remaining part of
this chapter deals with the experimental method used for the measurements described
in this thesis.

2.1. Methods to measure the drift velocity
In general the measuring eel! consists of a vessel in which the liquid is present,

and an electrode arrangement immersed in the liquid sample. In its most simple
form the electrode arrangement consists of two plane-parallel electrodes. The excess
charge carriers are generated between the electrodes and they drift under the
influence of an applied electric field. The moving charges induce a current in an
external detection circuitry. This current causes a voltage drop across the resistance
R (see Fig. 2.1).

Fig. 2.1. Simple diode arrangement
for the drift velocity measurement.

When a stepwise or pulsed charge generation method is used, the drift velocity
can be determined in a 'time of flight' experiment. The transit time of the charges
between two electrodes is deduced from the shape of the measured time dependence
of the current induced in the external circuitry. The shape of the signal is determined
by the initial distribution in space of the generated excess charge carriers and by the
electrode arrangement.

When in a cell with two plane-parallel electrodes, the excess charge carriers are
generated in a layer adjacent to one of the electrodes during a time that is short
compared with the transit time of the charges, the transit time is equal to the time
during which a current passes through the external circuitry. When the excess char-
ges are generated during a time that is long compared with the transit time, a station-
ary distribution of excess charges between the electrodes will result. The transit time
then, can only be deduced from the rise time of the measured current, since at times
longer than the transit time the number of drifting excess charges is constant.

When the excess charge carriers are generated homogeneously between the
two electrodes and the generation time is short compared with the transit time, the
decay time of the current must be measured. If the generation time is long, the
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transit time of the charges can no longer be determined by a simple time measure-
ment. Now, the growth and/or decay of the signal must be studied. For both values
of the generation time, the transit time can only be determined if the drift velocities
of the positive and negative excess charges are substantially different.

For all methods to measure the drift velocity described above, it is assumed
that the charge of the generated excess charge carriers does not essentially affect
the applied electric field in the cell. If, however, the number of generated excess
charge carriers in a layer adjacent to one of the electrodes is large, the current
induced in the external circuitry may be influenced by the charge present in the
liquid. Even a space-charge limited current can be produced; in that case the electric
field at the injection electrode is zero all the time. The time of arrival of the first
charge carriers is then related to the drift velocity so that a space-charge limited
current also makes it possible to measure the drift velocity.

In this work a time of flight method has been chosen to measure the drift
velocity of excess electrons which are generated in a layer adjacent to one of the
plane-parallel electrodes in a time short compared with the transit time while no
space-charge effects have to be taken into account.

2.2. Methods to generate excess electrons
Excess electrons can be generated in a non-polar dielectric liquid either by

ionization of the molecules in the liquid or by injection of electrons in the liquid.
This section gives a brief description of some methods by which a layer with
excess electrons adjacent to one of the electrodes can be generated in a time that is
short compared with the transit time.

The most common way of ionizing the molecules of the liquid is by X-rays.
The beam can be coliimated to an area close to and paiallel with the electrode and
can be pulsed to obtain the desired layer of excess electrons. The layer of generated
electrons then also contains the same charge on positive ions. The molecules of the
liquid can also be ionized by making use of a radioactive a-particle source deposited
on one of the electrodes. The range of the a-particle is small (< 50 jum for an energy
of the a-particle of 5 MeV) and thus the excess electrons and positive ions are
restricted to the area close to the 'emitting' electrode. If a continuously emitting
a-particle source is used for the generation of the excess charges, it is necessary
to use gates (formed by grids between the electrodes) in order to obtain a pulsed
excess charge distribution.

Excess electrons can be injected into the liquid either by illumination with light
from a suitably chosen electrode or by using a tunnel emitter of the metal-oxide-
metal configuration. Illumination of the electrode results in a layer of low energy
electrons close to the electrode. The use of a tunnel emitter results in the injection
of hot electrons into the liquid at the emitting electrode. Since the energy of the
injected electrons is relatively low for both injection methods the molecules in the
liquid are not ionized by the injected excess electrons. The charge carrier concentra-
tions that can be obtained in this way are low.

Excess electrons can also be generated in the liquid by field-emission from a
fine-tip metal electrode. In this case the use of gates is necessary in order to obtain
the desired flat layer of excess electrons.

By means of a high-energy electron beam excess electrons can be injected
into the liquid, while in addition ionization of the molecules in the liquid will take
place. With the aid of a pulsed electron beam of about 40 kV and a very thin metal



foil excess electrons can be generated in the liquid within distances of the metal foil
of the order of 50 fim or less. When the foil is used as one of the electrodes, the
desired initial excess electron distribution is obtained.

In the experimental set-up described in this thesis an electron gun, producing
a pulsed electron beam, is used to generate the excess electrons in the liquid. The
main reason for using this source is the ease with which both the energy and the
number of the electrons in the beam can be varied. This method of charge generation
was already applied by Miller, Howe and Spear (1968) and van Boeckel (1969).

2.3. The measured signal
The excess charge carriers are generated in the liquid sample between two

parallel electrodes in a layer adjacent to one of the electrodes. It is assumed that the
excess charge distribution is homogeneous in this layer. If at time t=0 an electric
field is applied between the electrodes, the excess charges start drifting and induce
a total current density given by

2.1

where in this planar geometry ic (x, t) is the conduction current density due to the
moving charges as a function of time t and location x between the electrodes, and
eoer9E(x, t)/9t is the displacement current density where e0 is the vacuum
permittivity, er the dielectric constant and E the electric field. The conduction
current can be described by the continuity equation

?y*i>+?£i?=o 22
9x 3t

and the Poission equation

9x eoe r

where q is the charge and n(r; t) the number of charge carriers per unit volume. The
total current density is only a function of time, as may be verified by eleminating
n(r;t) from Eqs. 2.2 and 2.3 and integrating with respect to x.

If it is assumed that only excess electrons with a charge e contribute to the
conduction current, this current is given by the conduction equation.

ic(x, t) = eVd(x, t) n(r; t) - eD ^ ^ . 2.4

Here v<j is the drift velocity and D the diffusion coefficient of the excess electrons.
Since the total current density induced in the external circuitry, i(t), is independent
of x, it can be written as

^ i ) dx, 2.5
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where / is the distance between itv c'keuodes. In view of the assumption that the
electrons are homogeniouslv dj.stnlnitiid in the generated layer, the number of
electrons in the layer per unit length, rux. t) is defined by n(x, t) = //n(r; t) dydz,
where y en i. are spatiai coordinates puatllel io the electrodes. Now leaving diffusion
out of account, the total current can be expressed by

I(t) = t'1 I evd(\. I) n(x, () dx 0 < I. < :
2.6

= 0 I *> T

since n(x, t) - 0 forO < x < / iiiul i i-; r, where r is tlie transit time of the charges.
The integration over 3Ii(,\, 1.}/'3r makes uo contribution to I(t) as a consequence
of the boundary conditions for the applied voltage at the electrodes.

Initially, the excess elections arc assumed to be located within an infinitcsim-
ally thin layer adjacent to one of two parallel electrodes. If the number of electrons,
N, is independent of time, the diffusion of the electrons can be disregarded, and
the electric field felt by the electrons is constant, then the total induced current is
given by

ev.iN

I

cN
0< t<r 2.7

= 0

The assumption of a constant value (oi H means that the change of the electric
field due to the charge of the electrons is negligibly small (no space charge).

In an electrical analogue the drifting electrons and the applied electric field
can be replaced by a current source. The measuring circuitry can be represented
by the scheme in Fig. 2.2. The internal resistance Rj of this current source is then
given by Rj = E/2/ev(]N.
The capacitance of the measuring electrodes and all stray capacitances are
represented by the capacitance C. The value of the resistance R, is chosen such
that either RC « r or RC » v.

R

—-O

c

--o

Fig. 2.2. Electronic analogue oj the measuring circuitry-
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0
time

b
time

Fig. 2.3. Signal shape when the excess charge carriers are generated close to one
of the electrodes: a) transient current signal; bj signal obtained from
integration of the transient current signal.

If RC « T the transient current is measured as shown in Fig. 2,3a. The
signal amplitude is given by

-~ R 0<t<r

= 0 t>T
2.8

Apart from the condition that the transit time r should not be too small (RC « r) ,
it is clear from Eq. 2.8 that for large r values Vsjgn becomes small.

If RC » T the current is integrated (Fig. 2.3b). The signal amplitude is then
given by

t
vsign(t) = C - 1 / I ( t ' ) d t ' 2 9

which gives

-<TF 0 < t < r 2.10

=eN
C t>T

The range of transit times that can be determined is limited by the requirement
that T « RC. The amplitude of the measured signal is independent of the
value of r.

For both measuring methods the value of r should be larger than both the
duration of the injected charge pulse and the response time of the electronic
device used to measure the signal.

In the experimental set-up used, the current signal is integrated. The main
reason for this choice was the fact that an integrating device, using a measuring
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resistance of R = 1 G £2, could be designed with a response time of only a few
nanoseconds. In this way the range of transit times that can be measured
without changing the electronic measuring device is as large as possible. The inte-
grating device applied is a voltage follower making use of a mosfet transistor
(transistor with a high input resistance).
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14

3. THE EXPERIMENTAL SET-UP

The experimental set-up is designed for measuring the drift velocity of excess
electrons in liquid methane. A scheme of the complete experimental set-up is shown
in Fig. 3.1. It consists of three main parts: the electron gun for the generation of
excess electrons, the measuring equipment for determining the drift velocity of the
excess electrons at a fixed value of the temperature and pressure of the liquid
sample, and the devices for handling, purifying and analysing the sample.

In section 3.1 the ageing and operation of the electron gun are described.
This ageing procedure is given in detail because it proved to be very important. The
details of the procedure have been gathered from private communications.

In section 3.2 the measuring equipment is discussed. The experimental set-up
was designed in order to be able to measure the drift velocity in liquids in the tem-
perature range between 77K and 300K and at a pressure up to 65xlO5 Pa, which is
higher than the critical pressure for both methane and argon. The temperature and
the pressure in the measuring cell can be chosen independently. This makes it possi-
ble to measure the drift velocity as a function of the temperature or the density of
the liquid separately. The electronic devices used for the measurement of the
current signal are described in detail in this section.

in section 3.3 the purification of the liquid, the cleaning of the measuring
cell and the filling of the cell are described. The required purity, the purification
methods and the methods to check the purity of the liquid sample are also discussed.

3.1 The electron gun
The electron gun produces a pulse of highly energetic electrons. A fraction of

these electrons enters the liquid sample by passing through a thin metal foil which
separates the liquid sample and the vacuum present in the electron gun. In the expe-
rimental set-up a 3 jum nickel foil is used (density x thickness = 2.7xlO'2kg/m2).
From Fig. 3.2 it can be seen that the high voltage necessary for a few percent trans-
mission of the electrons through this foil is approximately 40kV.

0.6

04

02

0

\ \ \ \

\ 1 ^ ^ ^ I

i i

^ ^ - - ^ 6 0 kV

OkV '"•"*-*——^

05 1.0 1.5 2.0

(10"2kg/m2)
2.5

Fig. 3.2 The fraction 0 of electrons which pass through a foil (density p, thickness x)
at different electron energies. Ref: Ardenne (1956).
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The type of electron gun needed must be operational at voltages of the order
of 40 kV. In addition, it must be capable of delivering charge pulses with a duration
of 10 ns (a requirement which limits the electric capacity of the gun control grid).
In order to obtain sufficient electrons in each charge pulse within this short pulse
time, an electron current produced by the cathode of about 1 mA is required. Then,
assuming that 1% of the electrons penetrate through the foil and taking lOpF for
the capacitance of the measuring capacitor, the amplitude of the integrated signal,
due to the injected electrons alone, is large enough (10 mV) to be measured. The
electron gun chosen is a part of a Philips projection tube (MW 13-38). A scheme of
the gun is given in Fig. 3.3. In order to obtain a stable operation of the electron gun,
the ageing procedure for the gun appeared to be very important. The details of this
procedure and the actual way in which the electron gun is operated are described in
this section.

The electron gun is mounted in a specially designed glass tube, and placed in
the experimental set-up. Subsequently, the measuring cell is mounted on top of
the electron gun as shown in Fig. 3.3. The high vacuum in the electron gun (10"7

10'8 mm Hg) is obtained and maintained by continuously pumping with a Perkin
and Elmer 1 lxlO"3m3/s ion getter pump (Utlek D-l pump).

The ageing of the electron gun is performed in three steps. Firstly the tube
is heated up to about 400°C while being continuously evacuated by the ion-getter
pump. This treatment is necessary in order to outgas the glass and especially to
remove the water absorbed by it. The electrodes of the gun are outgassed by high
frequency heating. Secondly the cathode is activated, following the standard proce-
dure for an oxide cathode as indicated schematically in table 3.1. The final step is a
high-voltage treatment which is called spot-knocking.

Table 3.1
Procedure for the activation of the oxide cathode

time in heater voltage voltage
minutes voltage' between between

gi and f cathode and f

5 9.51) 0 0
5 9 2) 0 0

evaporation of a barium getter close to the gun electrodes by high frequency heating

1 9 0 0
3 9 60 0
6 9 90 0

15 9 125 0
30 9 125 90

1 ) 9.5 V correspondonds to a temperature of about 1000°C.
2) 9 V corresponds to a temperature of about 950° C.
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By spoi-knocking all kind of irregularities on the surfaces of the gun electrodes
and the glass tube are removed. A possible way of removing these irregularities is to
purposely create breakdown events,since this results in material evaporation. The
circuit shown in Fig. 3.4 is used for the spot-knocking. It avoids too highly energetic
breakdowns in the electron gun, which might cause excessive material evaporation.
The spot-knocking treatment is carried out by increasing the applied high voltage
stepwise and enlarging the distance of the spark bridge. At each voltage a waiting
time is necessary before a stable situation is reached. The maximum applied high
voltage should be approximately 1.5 times the working voltage of the electron gun.
In the experimental set-up the maximum voltage that can be applied is 70 kV. The
spot-knocking has to be done since high fields might develop at the irregularities
when a high voltage is applied to the gun. These high fields can initiate instabilities
by cold electron emission or breakdown.

After completion of the whole ageing procedure the gun is ready for use,
although it proved necessary to operate the electron gun at 40 kV for several hours
to ensure a completely stable operation. The ageing procedure docs not have to be
repeated, as long as the vacuum within the electron gun is maintained.

I I
I I variable

distance

HI"

electron
gun

0-70kV

spark bridge

120pF —*— 650 Mfl

I
Fig. 3.4 Circuitry used for spot-knocking of the electron gun.

The measuring cell is at ground potential for practical reasons. Consequently,
the gun electrodes as well as the equipment to operate the gun (pulse generator,
power supplies) have to be at a negative high voltage. Standard equipment is used
for the control of the gun. This equipment as a whole is placed inside a specially
designed box (without any sharp edges, to avoid sparking) which is set at the
required high voltage. In turn this box is situated inside a grounded cage. The
following equipment is placed inside the box: a power supply for the heater current,
a power supply for the pulse amplifier, a pulse generator (Philips PM 5712) and a
transformer to trigger the pulse generator. As the frequency of this trigger signal is
equal to the frequency of the mains voltage, the electron gun produces a pulsed
electron beam with a frequency of 50 Hz. The main voltage for the equipment in the
box is obtained from a 1:1 transformer properly insulated against the high voltage.

The electron beam is focussed by means of a standard magnetic ring, which is
brought into position around the tube of the electron gun. The focussing of the
beam is examined by simply looking at the beam spot using a phosphorizing glass
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which is situated around the foil of the measuring cell. Beam deflection is effected
by means of a specially designed deflection unit, consisting of a quadrupole. The
displacement of the beam at the position of the foil can be about 1 cm in all
directions desired.

The time shape and charge content of the electron beam are determined by
the pulse applied to the gun control grid and by the heater current. A pulse of
+150 V is needed to open the control grid and to draw a current from the
cathode. This pulse is obtained by amplifying the low-voltage pulse from the
pulse generator. In order to maintain the fast rise and fall time of the low-voltage
pulses, a specially designed pentode amplifier is used, (see Fig. 3.5). The pentode
amplifier is situated as close as possible to the gun electrodes (the length of the
output lead is about 4xl0"2m).

E 810F 150 B2

75 CL

+100V +100V +100V

i100n ^ 3k2 a
3k2

"•Inr"
J li1 5 0 v

out

-200V
Fig. 3.5 Jlie pentode puhc-amplijier. The required input signal and the resulting out-

put signal arc also given.

A ferrite ring surrounding the tube of the gun is used to monitor the time
profile (ami the intensity) of the pulse of highly energetic electrons. This ring is
used as a transformer, the electron beam being the primary current and the second-
ary current being produced in a coil around the ring. A typical pulsed beam current
of 1 mA results in a signal across 50fi of about 10 mV.

The duration of the pulse of highly energetic electrons, tp , is not necessarily
equal to the duration of the low-voltage pulse delivered by the pulse generator. This
duration is changed by the pentode amplifier and by the beam current-control grid
voltage characteristics of the electron gun. In practice the time t p is determined by
measuring the transit time of excess electrons in a liquid sample under conditions
such that r < tp-, for instance with a drift velocity of the electrons of 2.5x104m/s
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and using an electrode distance of 5x10"*m, a transit time of 20ns is obtained.
The shape of the measured signal then depends mainly on the time tp. The latter is
determined by plotting the measured signal in this situation on an x-t recorder. An
example of a plot obtained in this way is shown in Fig. 3.6 (a description of the
measured signal is given in section 2.3). The minimum value of tp still has a value of
about 30 ns.

All the magnetic rings surrounding the electron gun tube are at ground
potential. When the gun is operated X-rays are produced. The gun is surrounded by
a biological shield consisting of a wooden box covered with 10'3m thick lead.

'sign

Fig. 3.6 An example of the measured signal, used to determine the duration of the
injected charge pulse.

3.2 The measuring equipment
The measuring equipment consists of the measuring cell, including the appa-

ratus for the determination and control of the temperature and pressure in the
cell, the capacitor for the time of flight experiment, hereafter called the measuring



capacitor, and the electronic equipment for the measurement of the current induced
by the drifting electrons.

Tlie measuring cell
A temperature range between 77 K and 300 K and pressures up to 65x10^ Pa

are thought appropriate for studying the electron drift velocity in dielectric liquids.
The measuring cell as a whole was shown in Fig. 3.3. The part of the cell which
contains the liquid sample, is shown in Fig. 3.7. Since this part of the cell is
situated in the tube of the electron gun, the vacuum of the electron gun provides it
with the necessary thermal insulation. Thin-walled stainless steel (2.5xlO"4 m thick-
ness) is used for the construction of this part of the cell, which is cooled by means
of an adjustable flow of cooled nitrogen gas, flowing through a pipe in direct contact
with it. A gas-flow cryostat is constructed in this way.

The desired pressure is obtained by condensing a sufficient amount of gas in
the cell and subsequently heating the cell while it is closed. The pressure can be
maintained by letting excess gas escape from the cell. As a result the cell temperature
and the pressure can be controlled independently. The temperature at the gas-liquid
interface is determined by the pressure, while the temperature of the liquid close
to the measuring capacitor is determined by the external cooling. Consequently,
the liquid is not in thermodynamic equilibrium with the gas in the cell, and a vertical
temperature gradient is present in the liquid sample.

The temperature of the liquid sample is measured with a Pt-resistance thermo-
meter (Degussa, type WS-81). The thermometer is a solenoid with an outside diameter
meter of 7xlO*3m, an inside diameter of 2xlO'3m and a height of 3xlO'3m. It is
mounted at the same horizontal level as the measuring capacitor, as shown in Fig.
3.8. The temperature gradient in the liquid is measured by varying the position of
the thermometer with respect to the injection electrode. This can be done by means
of the micrometer-manipulator on top of the cell, since the thermometer is connected
to the second electrode. The vertical temperature difference measured in this way is
found to be less than 0.2 K when the distance between the electrodes is less than
2xl0"3m. A negligibly small horizontal temperature gradient is to be expected. The
resistance of the Pt-thermometer is measured in a wheatstone-bridge (three-leads
method).

The pressure in the measuring cell is determined by the pressure of the vapour
above the liquid sample. This pressure is measured with a pressure transducer having
a range between 0-70x105 Pa (Bell-Howell, type 4-366-0003-01M0-0). The pressure
transducer is mounted on a short pipe on top of the cell, as can be seen in Fig. 3.3.

The stability of the temperature and pressure in the measuring cell is determi-
ned by the stability of the cooling device, and hence by the stability of the flow of
cooled nitrogen gas. The pressure of the nitrogen gas out of the supply line is reduced
to 0.7x10^ Pa by a pressure regulator. Subsequently, the gas flows through silica gel
and molecular sieves mainly to dry it, after which it flows through a spiral pipe
immersed into liquid nitrogen (77 K) to cool it. The cooled nitrogen gas then is
conducted through a pipe in direct contact with the measuring cell. Finally it is
pumped away by means of a vacuum pump. This pumping is done in order to
prevent liquid nitrogen to condense in the pipe, which might cause instabilities
in the gas flow.

In the course of this investigation a second version of the measuring cell has been
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Pt- thermometer

ceramic insulation
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Fig. 3.7 The part of the cell which contains the liquid sample.
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Fig. 3.8 The measuring capacitor formed by the foil and a second electrode. Thede-
tailed construction of the foil support. Tfie photograph shows a detail of the
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constructed. In Fig. 3.7 a detail of the second version of the cell is shown. In com-
parison with the first version of the cell, the volume of the liquid sample as well
as the volume of the vapour above the liquid is reduced considerably, while also the
mounting of the second electrode was changed (the guide bushes are introduced,
see Fig. 3.7) in an attempt to improve the parallelism between the two measuring
electrodes.

The measuring capacitor
The measuring capacitor consists of two plane-parallel electrodes. The design of

the measuring capacitor is shown in Fig. 3.8. The design is determined by the require-
ment that temperatures in the range between 77K and 300K can be obtained and
pressures in excess of the critical pressure of the liquid of about 50x1 O^Pa can be
applied. The latter requires a special construction of the mounting of the foil that
separates the liquid in the cell from the vacuum of the electron gun. The foil is
used as one of the electrodes of the measuring capacitor.

The choice of the foil material is determined by four, partly incompatible,
demands. In the first place it is preferable to use a very thin foil, in order to be able
to keep the energy of the highly energetic electrons as low as possible, which favors
a thin layer of excess electrons in the liquid adjacent to the foil. Secondly the
material must have a high tensile strength in order to be able to withstand the
pressure difference between the liquid and the vacuum without appreciable bending.
The bending of the foil must be as small as possible since the foil is used as one of
the electrodes of the measuring capacitor. Thirdly, the foil material must guarantee
a vacuum-tight mounting in the cell. This can be a problem in view of the tempera-
ture range required. A final problem concerns the availability of such a foil.

The design of the foil support is a compromise between the relatively large
area required for the injection of the electrons and, on the other hand, the small
area preferred in order to enable the foil to withstand a large pressure difference
without bending. The solution found is shown in Fig. 3.8. A nickel foil of 3 jum
thickness has been tin-soldered on a stainless steel foil support. In the support
square holes of 0.3x0.3 mm2 have been sparked over a circular area. A detail of
the tin-soldering is shown in the photograph. This construction is able to withstand
a pressure difference of 100x10s Pa.

Tire measuring capacitor for the transit time determination consists of the
nickel foil and a second electrode mounted directly opposite to the nickel foil.
Surrounding this second electrode, an additional electrode is mounted at the
same potential as the second electrode, as shown in Fig. 3.8. Since the actual dia-
meter of the electrodes is 7xl0'3m, whereas the diameter of the injected charge
distribution is only 4xlO"3m, the electrode surrounding the second electrode is
not used as a guard ring. It only serves to remove the additional charges generated
outside the measuring capacitor. In the experimental set-up one or inore grids can
be mounted between the foil and the second electrode. This provides for a possible
variation of the measuring method (not used in this work).

The distance, /, between the measuring electrodes can be varied with the
micrometer-manipulator situated on top of the cell. At the same time this
micrometer-manipulator is used to determine the value of/. The distance / = 0 is
determined by contacting the two electrodes, which shortcircuits a test signal.
Once the zero distance is determined, any desired distance between the electrodes
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can be set accurately when the hysteresis in the micrometer screw is taken into
account properly. The maximum distance is about 4 x 10'3 m. The vacuum-tight
and pressure-tight construction which allows the movement of the micrometer-
manipulator pin is shown in Fig. 3.9.

micro-manipulator

viton o-nng

Fig. 3.9 The construction of the vacuum-tight and pressure-tight movable feedthrough
for the micrometer-manipulator.

The electric field between the electrodes is obtained by applying a
voltage to the nickel foil. A high-stability power supply (Knott NSHV-3, 5, range
0-3500 V) is used, which can be adjusted to within 1 V. The foil is electrically
insulated by means of a vacuum-tight and pressure-tight ceramic insulation. The
second electrode is at ground potential.

The electronic devices
A provision is made in the cell for connections with coaxial (6) and normal

(14) electrical feed-throughs, as shown in Fig. 3.3. The feed-throughs are made
with the aid of a casting resin (Stycast 2850 GT Emerson and Cuming).

The current induced in the external circuitry, see Fig. 2.1, by the drifting
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electrons is integrated and displayed. A measuring resistor R = 1 GSl is used. In
combination with the capacitance of the measuring capacitor C « 1O'U F a RC-
time of about 10 ms is obtained. The high value of R necessitated a specially
designed voltage follower using a mosfet (high-input-resistance transistor). The
voltage follower adapts the resistance R to the 50X2 impedance of the coaxial cable
that connects the output of the voltage follower and the input of the oscilloscope.
The scheme of the voltage follower is given in Fig. 3.10. Its performance is tested

BFS 28 BFY 90 BFY 90

8V2

test

Fig. 3.10 The voltage follower. -15V

by measuring its rise and fall time by replacing the 1 G£2 resistance by a 1.2 K£2
resistance and connecting a fast pulse generator to the test input. The measured
rise and fall time was less than 4 ns at all temperatures between 77 K and 300 K.
The 1 Gfl resistance and the voltage follower are mounted as close as possible to
the measuring electrodes (the length of the input lead is about 2xlO'2m) to avoid
stray capacitances. The value of C must be as small as possible in order to obtain a
large signal amplitude, as can be seen from Eq. 2.10. For this reason the voltage
follower is placed in the liquid sample as shown in Fig. 3.7, so that it is cooled
together with the liquid sample. The cooling does not impair the performance of
the voltage follower. Because the current amplification of the BFY 90 transistors
decreases considerably on cooling, these transistors are selected to have an
amplification of 100 or more at room temperature. The integrated signal is
measured with a sampling oscilloscope.

The measuring capacitor consists of the nickel foil and a second electrode.
The measuring resistor is connected to the second electrode and ground potential.
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The field between the measuring electrodes is obtained by applying a voltage to the
nickel foil, which is therefore insulated from ground potential. A disadvantage of
this construction is the fact that the charge of the fraction of electrons which is
absorbed by the foil produces a voltage pulse across the measuring capacitor which,
due to capacitive coupling, is superimposed on the measured signal. This effect can
be reduced considerably by decoupling the foil and the second electrode. Unfortuna-
tely, proper decoupling is impossible owing to the limited space available and the
relatively large dimensions of the capacitor needed. The interfering signal is suppressed
satisfactorily by applying the required voltage to the foil through a specially designed
cable (high capacitance, low inductance). Due to the insulation limitations of this
cable the voltage that can be applied between the measuring electrodes is limited to
1000 V.

tp

Fig. 3.11 The measured signal The full drawn line represents the ideal signal as given
Eq. 2.10. The dotted curve gives the actual signal; it can be seen that

% il titn*scase-
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The output signal of the voltage follower is measured with a sampling
oscilloscope, which is triggered by the pulse generator that also triggers the electron
gun. Since the pulse generator is at high potential (40 kV), the trigger signal of the
pulse generator cannot be applied directly to the external trigger input of the
oscilloscope. Therefore, the signal is shortcircuited with the aid of a coaxial cable
with appropriate high-voltage insulation. A small magnetic coil around this cable
constitutes a transformer. The trigger output current is used as a primary
current while the secondary current is suitable for triggering the oscilloscope.

The signal measured by the sampling oscilloscope (Tektronix 568) is shown
in Fig. 3.11. For ideal circumstances, it is described by Eq. 2.10. In practice various
effects may cause deviations from the ideal shape of the measured signal. They
become apparent in particular in the first ten and last forty percent of the maximum
value of the signal. These effects are: the finite pulse time of the injected charge
pulse, the thickness of the injected charge layer, the degree of parallelism of the
measuring electrodes, the diffusion and the lifetime of the excess electrons. All
th^se effects will be discussed in chapter 4. The duration between the times at
which the signal reaches ten and sixty percent of its maximum value is measured,
T' = to.6 — to.i, see Fig. 3.11. This time measurement is performed using a digital
read out unit (Tektronix 230). In most circumstances, the measured time r'is
equal to half the transit time of the excess electrons. In some cases however,
2 T ' ^ r, but even then the value of rcan be calculated using the measured value of
T' and the theoretical relation between T' and T, as will be discussed in chapter 4.

3.3. Sample handling
A liquid sample of methane or argon is obtained by condensation of methane

or argon gas in the cell. First the gas has to be purified thoroughly. In this section
the sample handling is discussed in conjunction with the required purity, the
purification methods and the methods used to examine the purity of the gas.

Before condensation of the purified gas into the cell, the cell lias to be
cleaned. This is done by flushing the cell with the pure gas while continuously
monitoring the oxygen content of the gas coming out of the cell, as will be
described at the end of this section. If the oxygen content is reduced to the same
value as the oxygen content of the purified gas, the cell is considered to be clean.
For the ease of sample handling a storage vessel and a condensation vessel, shown
in Fig. 3.1, are added to the experimental set-up. Both are cleaned in the same way
as the measuring cell. In order to take a liquid sample the purified gas is condensed
into the condensation vessel and subsequently distilled into the measuring cell.
The sample can be stored overnight as a gas in the storage vessel at room temperature
and at a pressure up to 100xl0s Pa. From the storage vessel the gas can be condensed
into the cell either directly or after purifying the gas once more.

The required purity
The purity of the liquid sample is important for two reasons. In the first place the

liquid has to be pure to ensure that the intrinsic properties of the specific liquid are
measured. Secondly, measurement of the drift velocity of excess electrons demands
a low concentration of electron scavenging impurities in the liquid. An electron
scavenger is a neutral molecule that reacts efficiently with electrons. For the measure-
ment of the drift velocity the lifetime of the excess electrons should preferably be
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much longer than the transit time of the electrons. Considerable attention has to be
paid to the purification of the liquid in order to obtain a sufficiently long lifetime of
the electrons.

The effect of non-scavenging impurities is to change the scattering cross-section
of an electron in the liquid. During the measurements we used three different supplies
of methane gas. Two very pure gases, 99.99+% methane, one supplied by Matheson
and one supplied by Air Products, and 99.5% methane supplied by Philips. No
systematic deviations were found between the drift velocities observed in the three
samples after purification. Moreover, our mobility measurements were in good
agreement with the values reported in the literature. To test the influence of non-
scavenging molecular solutes on the electron drift velocity, a liquid methane sample
was doped with a solute concentration of 1000 ppm with either one of the following
solutes: hydrogen, ethane, ethylene, helium, nitrogen and carbon dioxide. No
measurable influence on the drift velocity of excess electrons was observed.

The influence of n-alkanes, alkenes, CO and CO2 on the electron drift velocity in
argon has been studied by Sowada, Schmidt and Bakale (1977). At iow solute
concentrations (about less than one percent) the drift velocity at low field strengths
remains the same as in the pure solvent, whereas at higher field strength an increase
of the drift velocity above the value of pure argon has been observed. For all
measurements we used argon gas supplied by Philips, 99.99+% argon, in which <t
is expected to find the correct drift velocities for pure argon up to fields of the
order of 5xlO5 V/m.

The effect of electron scavenging impurities is to reduce the lifetime of the
excess electrons. The change of the total number of excess electrons, N(t), with time
t is governed by

S]. 3.1

Here ki is the rate constant for the capture of the excess electron by the electron
scavenger and [S ] is the concentration of the electron scavenger. If at t = 0 the
number of electrons was N, the solution for N(t) is given by

N(t) = Nexp(-k1[S]t). 3.2

The lifetime of the electron, t/, is defined by

3.3

The required purity of a liquid sample is detennined by the boundary condition that
the lifetime of the excess electron should be much longer than the transit time of
the electrons. Consequently, measurement of the lifetime is necessary.

For a given liquid sample the value of the lifetime of the excess electrons can
be determined as follows. The number of excess electrons is a function of time and
is given by

= Nexp(-ti/t/).
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The integrated signal is then assumed to be given by Eq. 2.10, which now results in
t

vsign(0 =j€ / exp(-t'/t/)dt' =

0<t<r

This signal is measured by the sampling oscilloscope and can be plotted
directly on an x-t recorder making use of the (low frequency) output of the
sampling oscilloscope. This plot is digitized by hand and fitted to Eq. 3.4 with the
Philips PI800 computer. It should be recognized that a least squares fit to Eq. 3.4
cannot be made since it is not possible to linearize this equation. Therefore a first
possible method is a least squares fit to the derivative of Eq. 3.4. A second method
is a so-called three-points method. In this method the signal amplitude is measured
at three distinct times, and only the time difference between these points is of
interest. With this method the values of both t/ and r are calculated, and it is not
necessary to determine the time t = 0 exactly. This is an advantage because at t = 0
the measured signal is disturbed by the injected charge pulse.

As a result of the three-points method, three equations with three unknown
parameters are found for each set of 3 points. These equations can thus be solved.
They are

vsign(ti) = A | l - e x p ( - t i / t / ) } i= 1,2,3.

t2 - t , = c ,

where A = eNt//Cr and t j , t2 , t3 , t/ and A are the unknown parameters. In principle
an unlimited number of sets of equations can be chosen, giving a measure of the
meant andard deviation of the calculated value for t/. In order to calculate the
transit time r in addition, the value of the signal amplitude for t > r, Eq. 2.10, has
to be determined. The value oft/ is independent of T and preferably should be
calculated using the measured signal for which the transit time is as long as possible.

The only known electron scavenging impurity which is present in a consider-
able amount in methane and argon is oxygen. The reaction rate constant for oxygen
in argon at T = 87 K is 0.9xl08 m3 Mol"1 s"1 (Bakale, Sowada and Schmidt (1976)).
In methane at T = 109 K it is 8.4x10* m3 Mol"1 s"1 (Bakale and Schmidt (1973))
or at temperatures between 77 K and 300 K it is 5.8x10* m3 Mol"1 s"1 (Cipollini,
Holroyd and Nishikawa (1977)). Taking into account the density of liquid methane
and assuming that the only scavenging impurity in the liquid is oxygen, this oxygen
concentration must ">e less than 0.1 ppm in order to obtain a life time in the range
between 700 and 3300 ns.
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The purification
Two different purification methods were used to purify the gases. The

methods can be used for the purification of both methane and argon gas.
In the first purification method the gas is flushed through a titanium sponge

at 600° C. A large number of impurities are removed from the gas, including oxygen,
nitrogen, carbon oxides and water. Part of the methane molecules is cracked,
forming carbon and hydrogen. The carbon remains in the column but the hydrogen
is not adsorbed. To remove this hydrogen from the gas a second titanium sponge is
used but now heated at 300° C. The oxygen and hydrogen content of the resulting
gas is less than 1 ppm each.

The second purification method removes the oxygen only. The gas in bubbled
through a blue solution of the radical cation of ethyl-viologen bromide (A*). The
blue stable radical cation is obtained by electrolysis of an ethylviologen bromide
solution (A++) according to

(colorless) A++ == A- (blue).
O

This radical cation has a high reactivity with oxygen (Sweetser (1967)) and
consequently if oxygen is present in the gas, this again results in a reaction to form
the viologen bromide. In this way the oxygen content is reduced to less then 0.1
ppm. The resulting water-saturated gas is dried by passing it through a cold trap
with isopropanol at -35° C. The isopropanol is cooled by mixing it with liquid
nitrogen.

Examination of the purity
Since the oxygen is known to be important for its electron scavenging

properties, whereas water and hydrogen are possibly introduced in the gas by the
purification methods used, the oxygen, the hydrogen and the water content of the
purified methane or argon gas are measured. The oxygen content of the gas can be
measured continuously with an electrolytic cell (Hersch (I960)) consisting of an
Ag-Pb electrode system immersed in a KOH solution in water. The presence of
oxygen in the solution gives rise to the following reactions:

Ag-electrode : O2 + 2HZ O + -»• 4OH-

PB-electrode : 2 Pb -* 2Pb+f + 4e.

As a result a current flows through a load resistor which connects the two electrodes.
If all the oxygen in a gas flow of 10"4m3NTP/min is captured this would result in a
current of 26.8 juA for 1 ppm O2 .In practice the efficiency is only about 10%, so that
X ppm O2 in a gas flow as mentioned before results in a current of 2.68X /iA which
is normally measured over a resistance of 100ft:

The water content is measured continuously with a Beckmann water cell
(Beckmann Instruments, cat. no. 190490). This cell contains two rhodium electrodes.
A phosphorus pentoxide film coated between the two electrodes absorbs the water
from the sample. A voltage applied between the electrodes causes a current to flow
through the partially hydrated phosphorus pentoxide film. This current decomposes
the water into hydrogen and oxygen, and is directly proportional to the number of
water molecules being electrolysed. For a gas flow of 10"4 m3 NTP/min, 1 ppm of
water corresponds to 13.2 yA.
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The hydrogen content of the gas is determined by making use of the fact that
the thermal conductivity of hydrogen is high in comparison with that of methane
and argon. A stream of the carrier gas, methane or argon, is split into two identical
gas flows and led through a thermal conductivity detector element (Cow-Mac Instru-
ments Co., four-filament cell, 13-002 Wx) which is a Wheatstone bridge formed by
the four-filaments. The balance of the Wheatstone bridge is disturbed if a sample
(typically S ml NTP) of the gas to be investigated is added to one of the gas flows.
The degree of unbalance is a measure of the hydrogen content of the sample.
Calibration is done by adding a sample (typically 15 (A NTP) of pure hydrogen to
one of the gas flows.

The methods used to measure the oxygen and water content of the gas are
sufficiently accurate to measure contents in excess of 0.1 ppm. The measurement
of the hydrogen content is less accurate but sensitive enough to measure contents
in excess of 1 ppm.
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4. EVALUATION OF THE MEASURING METHOD

In chapter 2 an expression has been derived for die signal for the case in which
the excess electron distribution is ideal, that is: the excess electrons are initially at a
position within an infinitesimaily thin layer adjacent to one of two parallel electrodes,
the number of drifting electrons is independent of time, diffusion of the excess
electrons can be disregarded and the electric field is constant. In this case the mea-
sured signal is given by Eq. 2.10.

= ^ 7 0<t<r

_.N ^ 4>1

= jr t>T.

In this chapter a discussion will be devoted to departures from the ideal circumstances
and the consequences for the measured signal.

Section 4.1 deals with the initial distribution of the excess charge carriers in the
liquid sample which is generated with the high-voltage electron gun. It is shown how
the measured signal is influenced by the finite thickness of the generated charge
layer, by the excess electrons generated in the bulk of the liquid due to the X-rays
produced when the electron beam strikes the measuring cell, and by the duration
of the produced charge pulse.

Section 4.2 discusses the time dependence of the rumber of excess electrons
in the charge layer and their distribution in space during the transit in the liquid
sample. The presence of electron scavenging impurities has the effect that the
number of excess electrons decreases with time, while the spatial distribution of the
excess electrons in the layer is changed as a consequence of their diffusion.

An inhomogeneous electric field also gives rise to changes in the distribution
of the electrons in the layer. These inhomogeneities may arise from the actual shape
of the measuring capacitor or from the charge of the generated excess electrons
(space charge). These effects are dealt with in section 4.3.

Section 4.4 comments on the accuracy of the values of the drift velocity and
the mobility for different experimental circumstances. Finally, in section 4.5 the
accuracy of the thermodynamic variables is treated.

4.1 The initial excess charge distribution
The high-voltage electron gun produces a pulsed beam of electrons, A

fraction of these electrons enters the liquid sample by passing through a thin
metal foil which separates the liquid sample and the vacuum of the electron gun.
This fraction of electrons penetrates and ionizes the liquid over a distance
(< 50xl0^m) small compared with the distance between the electrodes (> 10"3m).
As a result a layer of excess electrons and ions is formed adjacent to the injection
electrode.

Apart from the excess charge carriers in the above mentioned layer,
additional excess electrons and positive ions are generated in the bulk of the liquid
by ionization of the molecules due to X-rays produced when the electron beam
strikes the measuring cell. In addition, a continuous flow of electrons is emitted
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into the liquid either by cold emission (Fowler-Nordheim effect) or by thermionic
emission (Schottky effect) from the melal electrodes. The barrier for both types of
emission is formed by the difference between the potential energy of electrons in
the metal and that of electrons in the liquid. Although this barrier is lowered when
an electric field is applied, the emision will still be negligibly small because the
actually applied fields are low enough. The number of excess electrons generated
in the bulk of the liquid by the X-rays cannot be neglected and will be dealt with
in the following.

The number of excess electrons generated by the X-rays, can easily be
determined in the following way. A grid can be placed between the foil and the
second electrode, as shown in Fig. 4.1, such that the distance between the grid
and the second electrode is fixed at 2xlO'3m, and the distance between the grid
and the foil can be varied continuously by means of the micrometer-manipulator.
In this arrangement the grid and the second electrode constitute the measuring
capacitor. Only charge carriers moving between these two electrodes can be
observed, provided the holes in the grid are not too large. The grid is given a
negative potential with respect to the foil, in order to prevent excess electrons,
generated between the foil and the grid, from entering the measuring capacitor.
Then the maximum amplitude of the measured signal is a measure of the total
number of electrons generated at the time t=0 between the grid and the second
electrode, since the drift velocity of the positive ions is negligibly small and
they therefore do not contribute to the amplitude of the measured signal. The
amplitude of the measured signal is interpreted as a measure for the number of
excess electrons per unit length generated at time t=0 by the X-rays at a distance
x from the injection electrode, n x (x,0). The definition of the distance x is given
in Fig. 4.1. As a consequence of this definition and because of the fixed distance
of 2xlO*3m between the grid and the second electrode, the minimum value of

x is 10'3m. II . , , ,
j second electrode

•grid
-foil

Fig. 4.1 The electrode arrangement for determining the number of excess electrons
generated by X-rays. The distance x is equal to the distance between the foil
and the point half-way the distance between the grid and the second electrode.

The number of excess electrons generated by the X-rays in liquid methane
at 100 K and 2xl0 s Pa is estimated in this way. The results are plotted in Fig. 4.2.
The charge distribution turns out to be non-homogeneous and can be approximated by

n x (x,0) = n x (0,0) exp(- ax), 4.2
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where a can be interpreted as the linear absorption coefficient for X-rays in
methane. For accelerating voltages of 30 kV and 37 kV the same value for
« was found, a - 4,8x1 O^n"1. The value of a is expected to be independent
of the energy of the electrons, since the energy of the X-rays which ionize the
bulk of the liquid is predominantly determined by the K absorption edge of
nickel, which is 8.265 keV (Weast, 1975). The value of a for methane can be
compared with the absorption coefficient for methane for this energy as
estimated from data for hydrogen and carbon as given by Weast (1975), which
is found to be 2.4xl02m'1. These values are different but at least there is
agreement in the order of magnitude.
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Fig. 4.2 The measured number of excess electrons generated by X-rays in liquid
methane at 100 K and 2x 10s Pa, plotted on a semi-log scale (arbitrary units)
as a Junction of the distance from the infection electrode x as defined in Fig.
4.1; oat VHV = 37kVand • VHy = 30 kV.

During the measurements of the transit time of excess electrons as a
function of the accelerating voltage of the electron gun, Vuy, the shape of the
measured signal is found to be not ideal (it cannot correctly be described by Eq.
4.1) at Vuy values of about 30 kV. At times close to the transit time rthe signal
was rounded. If the value of V^y is raised to 40 kV, then the shape of the
measured signal is found to improve (it can be described by Eq. 4.1). Due to the
changed shape of the measured signal, the value of r = to.6 - t o . i , defined in
section 3.2, is found to be a function of Vfjy for liquid methane. The result of
the measurement of T as a function of Vpjy is shown in Fig. 4.3. The observed
dependence of (r1)"1 on the value of Vjjyis ascribed to the ionization of the bulk
of the liquid. Qualitatively this can be understood in the following way. The
number of excess electrons in the charge layer adjacent to the injection electrode,
N, and also the total number of excess electrons initially generated by the X-rays
between the measuring electrodes, Nx, both increase when the value of Vjjy is
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raised, but the dependence of N and Nj( on Vjjy will be different. If the value
of N/Nx is small, the charge distribution is far from ideal, and if N/Nx is large the
ideal charge distribution is approached. Thus, in order to be able to explain the
improved shape of the measured signal as Vjjy is raised it is essential that the
value of N/Nx increases with VHV- This may be understood when it is realized
that more X-rays are produced at higher energies, but since electron penetration
through the foil is improved, relatively less energy is absorbed in the foil.

36
vH V( io3 v:

Fig. 4.3 The reciprocal value of the measured time T' = to,(,- ?o.i "»liquid methane
at 100 K and 2x10s Pa as a function of the accelerating voltage of the electron
gun.

To test whether the observed dependence of (r')"1 on V H V , as shown in
Fig. 4.3, is the result of the electrons initially generated in the bulk of the liquid
between the electrodes, Nx, the effect of the value of N/Nx o n t r i e ^me T> *s

calculated below.
Under ideal circumstances the measured signal due to the excess electrons in

the charge layer is given by Eq. 4.1. For the excess electrons generated throughout
the liquid it was found that n x (x,0) = n x (0,0)exp ( -ax). At t = 0, the total
amount of electrons generated by the X-rays in the liquid between the electrodes
is then given by

N x = / n x (0,0)exp(- ax) dx = " X ^ ° ' O ) (1 - exp(-

o
The number of excess electrons between the electrodes, which at t=0 were generated
by the X-rays, decreases as c function of time during the transit of the electrons
according to
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nX(0,0)
- e x p ( - a / ( l -t/r))\ Q<t<T

=0 \>T.

The measured signal due to these electrons is
t

vsignW = fjr I —--1— | l - exp(- od(1 - t'/r)) \ dt'

o

which results in

- J l e x p < - a / < l - t / T ) ) + 4 1 . . .

nx(0,0) 1 1 »
= -TT < 1 - —- + — e x o f - a/1 > i a? T .

The signal actually measured is then given by the sum of Eq. 4.1 and Eq. 4.3.
In order to get an impression of the effect of the excess electrons generated

in the bulk of the liquid sample on the value of the time r = to.6 - t o . i , it is
calculated as a function of N/Nx whereby for ease of calculation a = 0 is chosen, so
that

nx(x,0) = nx(0,0)

N x = n x (0 ,0 ) /

The measured signal due to these electrons is

t>T

The total measured signal is found by adding Eq. 4.1 and Eq. 4.4, and simple expres-
sions can be found which contain to.i and to.6:
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vrignW-w _ J_ _
VSign(r) ~ 10

Vsignfro-fi) _ _6_ _
) ~ 1 0 ~

i -14

0.6

n x (0 ,0 ) / +

Since T' = U,6 - to.i this leads to

r' = 0.5r j\/0.9+1.8Q + Q J ' - \/0.4 + 0. 4.5

where Q = N/nx (0,0) f, which for a = 0 is the same as Q = N/Nx . The result of Eq.
4.5 is shown in Fig. 4.4.

10" 10
N/N,

Fig. 4.4 The quotient of the transit time and twice the time T \ calculated as a function
of the quotient of the excess electrons directly injected, N, and the excess
electrons generated at the time t=0by X-rays, N%.

Since the value of N/Nx is expected to be a function of VHV> t n e graph shown
in Fig. 4.4 can be compared with the measured values for r ' , given in Fig. 4.3. The
shape of the two curves is quite similar. In the limit of both low and high values

-* 0 and Vjjy -»" °°, respectively, is 1.44 ±0.1,; see Fig. 4.3. The latter is somewhat smaller.
.' but this was to be expected since a was taken equal to zero. Given a=4.8x 102m*' and

/ =2xlO"3m the quotient of (r')~* values for N/Nx -* 0 and N/Nx -* °°, respectively
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can be calculated from Eq. 4.1 and Eq. 4.3, and the ratio is found to be 1.46, »i;h
is close to the above value of 1.44.

From the foregoing discussion it is concluded that the observed dependr nee
of T' on the value of V^y (Fig. 4.3) can be explained if the presence of electrons
generated in the bulk of the liquid is taken into account. This implies that in order
to determine the correct transit time the measurements must be performed with
V H Y > 35 kV. The results of the measurements, presented in chapter 5, are ob-ained.
using Vfjy = 40kV.

For liquid argon the dependence of T' on V H V i s f o u n d t 0 b e negligibly
small. This can be understood since the linear absorption coefficient for X-rays of
8.265 keV in argon is much higher than for methane:a = 1.1 x 104m'' as given by
Weast (1975). No measurements of the number of excess electrons generated in the
bulk of the liquid have been performed for argon.

The thickness of the charge layer generated adjacent to the injection electrode
is determined by the penetratioii depth of the electrons in the liquid sample and will
be dependent upon the energy of the electrons and on the density of the liquid. An
estimate of the penetration depht of the electrons in the liquid can be obtained by
calculating the distance R at which the energy of the electrons, W, is reduced to
1 % of the original energy (Ardenne (1956)):

R = 2.1x10"" W2/P,

where p is the density of the liquid in kg/m3 and W is expressed in volts. The
value of R for liquid methane in the temperature range between 90K and 21 OK
is calculated to be 48 x 10*m, using W = Vjjy = 4 x 104 V. The thickness of the
charge layer is expected to be less than this value of R, since the mean energy of
the injected electrons will be less than Vfjy.

An attempt was made to determine the thickness of the charge layer by
measuring the transit time of the excess electrons in a liquid sample for different
values of the distance between the electrodes. As a result it is possible to
calculate the correction for the distance traversed by the electrons, which is
caused by the thickness of the charge layer. This correction is then equal to half
the thickness of the charge layer. Unfortunately, the fact that the electrodes
were not plane-parallel meant that under these circumstances the value of the
correction for this distance was not determined by the thickness of the charge
layer, which therefore could not be found in this way.

The excess electrons are generated in the liquid sample during the time tp .
The consequence of the finite value of tp is a spread in the starting time, t=0, and
in the time of arrival, t=7. As a result the edges of the measured signal at t=0 and
t=rbecome unsharp. As long as tp < 0.2 r , the time T' = to.6 - to.i is half the
transit time r. If tp > 0.2 rthis is no longer valid. Nevertheless it is possible to
calculate T using the values of r' if the finite value of tp is the main reason for
which r * 2 T . This calculation is given in appendix A.

Ionization of the molecules in the liquid, either by the injected electrons
or by X-rays, results in electrons and positive ions. A fraction of these may escape
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from initial recombination with each other. The positive ions can influence the
measured signal by contributing to the measured current or through space charge
effects. As the drift velocity of the ions is much lower, the contribution of these
ions to the observed current can be neglected.

During the drift velocity measurements the number of excess electrons is
always so small that space charge effects of these electrons can be ignored
(section 4.3). Since the number of positive ions will always be smaller than the
number of excess electrons, space charge effects due to these ions are also
disregarded during the measurements.

4.2. The excess electron distribution as a function of time
In this section the excess electrons are assumed to be generated during a very

short time in an infinitesi. -\ally thin layer adjacent to the injection electrode. The
electrons are assumed to be homogeneously distributed within the layer and further-
more it is assumed that no excess electrons are generated outside this layer in the
liquid. At time t=0 the excess electrons start moving under the influence of the
applied electric field and drift towards the second electrode. During this transit the
number of excess electrons decreases owing to reactions with electron scavenging
impurities, and in addition the distribution of the electrons changes due to diffusion
of the electrons. In this section the influence of these effects on the measured signal
is dealt with.

The number of drifting excess electrons is reduced because electron scavenging
impurities capture electrons and form stable negative ions. To approach the ideal
circumstances during the measurements, the concentration of electron scavenging
impurities must be low, such that the resulting lifetime, t/, of the excess electrons
is long compared with the transit time of the electrons (see section 3.3). In practice
both the amplitude and the time dependence of the measured signal are affected,
as can be seen from Eq. 3.4. The time T' - to,6 - t0-1 is no longer equal to half the
transit time.

Nevertheless, the value of the transit time rcan be calculated using the value
of r ' , because it is possible to express to.i and to.6 and thus T = t 0.6 - to.i in

terms oft/ using the expression for Vsj2n (t), as given by Eq. 3.4. This results in

VsignOo-i) = J _ _ A ( l - e x p ( - t o . i / t / ) )
vsign(O 1 0 A ( l - e x p ( - T / t / ) )

VsignOo-ft) = ±= A ( l - e x p ( - t o . 6 / t j ) )
>) 10 A ( l - e x p ( - 7 / t / ) )

where A = eNt//C r . Evaluation gives the value of rin terms oft/ and T':

r= t /ln j l - 6ex P ( -T7 t / ) | 4.6
J4exp(-r7t/)-9 |



40

In Fig. 4.5 the value of 2r'/t/ is plotted against the value of r/t/. It can be
seen mat as long as r/t/ < 0.1 the values of rand 2T' are almost identical, but
with increasing r/t/ these times gradually become different, so that for r / t / « 1,
T exceeds IT ' by about 20 percent.

0.05
0.02 0.05

Fig. 4.5 The relation between the transit time, r, and the measured time, T', taking
into account the effect of the lifetime, t[.

The effect of diffusion of excess electrons on the measured signal can be
estimated for a layer containing N homogeneously distributed excess electrons.
The current due to diffusion is given by

ID (x,t) = - e D
dn(x,t)

9x
4.7

where D is the diffusion coefficient of the electrons, e is the charge of the
electrons, and n(x,t) is the total number of excess electrons per unit length in
the layer at position x and time t. The total current in the external circuitry due to
diffusion of the electrons in the space between the electrodes.

±- ] ID(x,t)dx
0

is zero, as long as the number of drifting excess electrons remains constant.
Consequently, the measured signal can only be affected at times close to the
transit time since then can the number of electrons be reduced by diffusion, namely
by diffusion towards the second electrode.
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The effect of diffusion can be estimated as follows. Substitution of the
current due to diffusion in the continuity equation, as given by Eq. 2.2, results
in

If at time t=0 the layer is infinitesimally thin, and the position of the layer is
at x=b the solution of this equation is

n(x,t) = n(0,t) exp(-x2/(4Dt + b2)).

The root mean square distance x traversed by the electrons by diffusion is the
distance at which n(x,t) is reduced to 1/e of the value at x-b. This distance is
then given by

x2 = 4Dt.

The value of x" for a time t=ris to be compared with the distance between
the measuring electrodes /, which is the distance traversed by the excess electrons
during the transit time r . The value of / can be expressed by /2=/uVr, where V is
applied voltage between the electrodes and fx is the electron mobility. Assuming
that the diffusion coefficient is given by the relation D = ju kg T/e, where kg is
Boltzmann's constant, T the temperature and e the charge of an electron, one
obtains

I2- 4 k B T

I2 ~ eV

Even at the highest applied temperature (215 K) and for the lowest values of the
applied voltage (50 V) the quotient of x"// is less than 4 percent. The influence of
diffusion is therefore disregarded in the measurements.

4.3. The electric field
The excess electrons in the liquid sample drift through the liquid under the

influence of an applied electric field which under ideal circumstances, should be
equal to the quotient of the applied voltage and the distance between the electrodes.
In this section two possible effects are dealt with that can result in a disturbance
of the ideal field, namely; space charge effects and the effect of the actual geometry
of the measuring capacitor.

The charge of the generated excess electrons in the liquid may change the
value of the applied field, giving rise to space charge effects. The electric field that
results from the charge of the excess electrons in an infinite layer is given by the
Poisson equation.
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where n(r; t) is the electron density per unit volume, which is a function of the
position x between the electrodes and time t, E(x,t) is the electric field, e is the
charge of the electron, er is the dielectric constant, e0 is the vacuum permittivity.

For a homogeneous layer of excess electrons with a thickness Ah and a
circular diameter d, the charge density is N/'Arcd2 Ah, where N is the total number
of excess electrons. Since d » A h , the induced electric field parallel to the applied
electric field can be estimated by assuming the layer to be infinite in diameter. This
results in

n s _ 4 e N

E// " eoer7rd2

For liquid methane, with et = 1.7 and d = 4x 10'3 m, this results in

E j = 8.8 x lO"4 N .

The amplitude of the measured signal is directly proportional to the total number
of excess electrons, as can be seen from Eq. 4.1. Therefore Es// can also be expressed
as a function of Vsjgn. Space charge effects can be disregarded if E s /< 0.01E. This
condition can be written as

V s i g n (7 )<1 .8x l0 - 7 E 4.9

whereby for the capacitance of the measuring capacitor the value of 10 pF is taken.
This value is estimated taking into account the RC time of the 1 GJ2 measuring
resistor and the measuring capacitor.

The finite thickness of the injected layer of excess electrons does not change
the value of Es/. The change in the electric field due to Es// is in fact not a step
function, but a function which changes continuously within the layer. The thickness
of the charge layer increases due to E s / during the transit because the individual
electrons at various positions within the layer experience different electric fields.
However, as long as E S ^ « ' E , this effect is negligible.

The field Es// desreases on approaching the edge of the charge layer and an
induced electric field will arise in the direction perpendicular to the applied
electric field, denoted by E^ . At the centre of the edge of the charge layer Es^ = 0
and Esj^ is maximal. The design of the measuring capacitor, Fig. 3.7 is such that the
allowed maximum value of Es^ is of the same order of magnitude as the value of
the applied electric field. This choice is made as the electrons must drift at least
1.5X10"3 m to reach the edges of the electrodes which distance is of the same
order of magnitude as the distance between the electrodes. A rough upper limit
of the maximum value of Es^ can be estimated by multiplying Es± by d/Ah. Since
the maximum value of d/Ah is about 100, the same condition as described by Eq.
4.9, is also to be fullfilled for the maximum value of E^ .

Condition 4.9 has been tested by varying Vgjgn during the measurements.
No space charge effects on the measurement signal oecame apparent, not even for
values of Vsign slightly larger than 1.8xlO'7 E. Using the electron gun for electron
injection it is not possible to enlarge V sjg n sufficiently for space charge effects to
be studied.
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The shape of the measuring capacitor, shown in Fig. 4.6, can cause inhomo-
geneities in the applied electric field. The edges of the electrodes may give rise to
fringe effects on the electric field. Since the electrode diameter is 7xlO"3m
and the diameter of the injected charge distribution is 4 x 10"3m this effect can
be ignored. Bending of the foil under the influence of the pressure in the measuring
cell is measured and the deviations of the flatness of the foil are found to be less
than 25 x lO^m. The bending of the foil is therefore left out of account. The
degree of plane-parallelism of the electrodes appeared to be non-negligible.

The measurements of the drift velocity of excess electrons as a function of the
electric field for different values of the distance between the electrodes, /, made
it clear that the drift velocity was not independent of the value of / as it should
have been. The observed dependence could be explained if the electrodes were
assumed to be not exactly plane-parallel. The non-parallelism between the electrodes
can be expressed by the value of A/, as defined in Fig. 4.6, and which has not been
measured directly. The distance / measured by means of the micrometer-manipulator,
always equals the minimum value of the distance between the electrodes. The value
of A / is independent of the value of/ if the movement of the second electrode is
strictly in the x direction (see Fig. 4.6). If all circumstances are assumed to be ideal,
the value of A / can be deduced from measurements of the drift velocity of excess
electrons as a function of the electric field for different values of/.

The non-parallelism of the measuring electrodes causes a spread in the
traversed distance as well as a spread in the drift velocity of the individual excess
electrons. The resulting spread in the transit times becomes apparent in the measured
signal only at times close to the mean transit time.

t
1

Fig. 4.6 The measuring capacitor. The definition of I and A/.
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4.4. Accuracy of the drift velocity and mobility values
This section deals with the resulting errors in the drift velocity and mobility

values. The errors are due either to the inaccuracy of the measuring devices c; to the
design of the measuring cell. If a correction has to be applied to the measured time
because of the lifetime of the electrons or the duration of the injected charge pulse,
this introduces an additional error in the value of the transit time. This additional
error is dealt with at the end of this section.

Transit distance
The distance between the measuring electrodes is measured with the

micrometer-manipulator and is accurate to within 10"sm. Uncertainties in the
distance as a result of temperature and/or pressure changes can be eliminated by
measuring the distance under the conditions at which the measurements are carried
out. If the measuring electrodes arc not exactly parallel, there will be a spread in
the traversed distances of the individual excess electrons. Furthermore the finite
thickness of the injected charge layer results in a difference between the traversed
distance and the distance measured with the micrometer-manipulator. The correction
of the electrode distance due to the effects discussed is calculated in practice by
determining the drift velocity as a function of the measured distance. The accuracy
of the mean electrode distance is estimated to be approximately 5 x 10"sm.

In a second version of the measuring cell it is attempted to improve the
parallelism between the measuring electrodes. A new type of guiding system for the
movement of the second electrode is applied, but the value of A/, as defined in
Fig. 4.6, was still of the order of 10"4m. Consequently, the accuracy of the mean
electrode distance was not improved appreciably.

Transit time
In the experiments the duration of the measured signal between 10 and 60%

of the signal amplitude is chosen since under most experimental circumstances the
time T'= to.6 — to.i is half the transit time r of the electrons. In practice the measured
signal is primarily affected at times close to t = 0 and t = r , which are then excluded.
The time r 'is determined from an automatic digital time measurement. The spread
in the measured time is the result of noise and instability in the measured signal. The
time obtained from the measurements, is the average of five or six time measure-
ments and the mean deviation in most cases is less than 5%.

In conclusion, the accuracy of the value of the drift velocity is calculated to
be approximately 7.5%, provided that the distance between the electrodes is
2xlO"3m (and thus the error in / is estimated to be 2.5% ). During the mobility
measurements, these conditions were always fulfilled, and hence it is calculated to
be accurate within 10%. Hereby no error for the appplied voltage is taken into
account. If, for the drift velocity measurements at fields higher than 5xl05 V/m,
the distance between the electrodes is reduced to 10'3m, then the inaccuracy in
the drift velocity is enlarged to about 10%. This is the result of the larger error of
the distance between the electrodes in this case, namely 5%.

If 2 r'^= % and thus the time 2 r'has to be corrected to obtain the transit time
of the electrons, this introduces an additional error in the value of the transit time.
This error is discussed below.
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The excess electrons in a liquid sample have a limited lifetime t/ due to the
presence of electron-scavenging impurities. If the value ol t/ is large compared with
the transit time T, the time T = to.fi tf,., is equal lo 'A r. If the t/ =» T this is no
longer true. Calculation of T using r ' can still be performed if the only reason for
T' =£'V4 T is that the value of t/ is finite. For this calculation the transformation of
r ' / t / into r/t/ given by Eq. 4.6 is needed. I lencc, the error in the value of r is not
only the result of the error in r' but it is also affected by the error in t / . If the
mean deviation in f is given by i ir ' ami (lie mean devialion in t/ is given by At / .
the resulting mean deviation AT in T is found as follows, I'irsl the error in the ratio
T'/t/ has to be calculated. It is found from

AT'

' - < , * AT'
T'

At/

>/

The inversion of the signs in the denominator is necessary since the maximum
possible error in the ratio is of inteiest. Transformation of r'/t/ into r/t/ increases
the original error in T'/t/ by a factor F. The value of this factor is determined by
Eq. 4.6; it is a function of the value of r'/t/ and of the original error in -'/t/ . This
dependence is shown in Fig. 4.7, where the original error in r'/t/ acts as a parameter.

Fig. 4.7 Tlte factor F by which the error in r'/tj has to be multiplied in order to
obtain the error in rj7/, as a function of the value of ~ j tj. The error in
r'/tj acts as a parameter.
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To obtain the value of r , the ratio r/tj must be multiplied by t/ , so that the final
error in T is given by

Thus the final error in r is

which is the original error in f multiplied by the factor F plus a fraction, namely
(F-l), of the error in t / .

Under ideal circumstances, the duration of the injected charge pulse, tp, does
not influence the time measurement. The time r' is then equal to half the transit time
r . If r < S tp this is no longer valid (see appendix A). The calculation of the value r
using r' can still be performed if it is assumed that r < 5 tp is the only reason for
T' =#14 r . In order to calculate rthe transformation of T'/tpinto r/tp, Eq. A.I, is
needed.

The error in the value of T is then found in the same way as discussed above,
and it is given by

o
o

2.5

2

1.5

1

-10%
+10%\ \ \ L-20%
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> I I I
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-
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Fig. 4.8 The factor F by vhich the error in T 'ftp has to be multiplied in order to
obtain the error in r/tp, as a function of the value ofVftp. The error in
r'/tp acts as a parameter.



47

The factor F is given as a function of the value of r'/tp in Fig. 4.8, where the value
of the original error in r'/tp acts as a parameter. For negative values of the original
error in T'/tp there is a minimum value of r'/tp below which the value of F becomes
infinite.

The resulting accidental error in the drift velocity values is indicated in the
figures in chapter 5, representing the results of the measurements. The accidental
error is equal to the final error in r , thus taking into account the effect of the
limited lifetime and finite pulse time.

4.5. The accuracy of the thermodynamic variables
In this final section of chapter 4, the resulting errors in the measured,

temperature and pressure values as well as the resulting errors in the calculated,
density and isothermal compressibility values, are treated.

Temperature
The temperature of the liquid sample is measured by means of a Pt-resistance

thermometer. The thermometer is calibrated against a standard Pt-resistance
thermometer, with an absolute accuracy of ± 0.1 K. In order to carry out this
calibration the thermometer is mounted inside a copper block, which is immersed
in a calibration bath. The bath is a dewar vessel filled with liquid nitrogen, and
the bath can be given any required temperatures between 77 and 300 K by simply
adding more or less isopropanol to the liquid nitrogen and waiting for equilibrium.
No drift in the resistance value was observed after repeated cooling and heating of
the Pt-resistance thermometer.

During the measurements of the transit time, the temperature stability of the
liquid sample is determined by the stability of the cooling device. The rate of
cooling is manually controlled. The temperature can be kept constant to within
± 0.1 K over the period of measurements of a few hours. The vertical temperature
gradient is found to be less than 0.2 K across the electrode gap, as discussed in
section 3.2. The absolute error in the measured temperature is estimated to be
+ 0.2K.

Pressure
The pressure in the measuring cell is measured with a pressure transducer,

which is calibrated against a precision manometer (Econ-Wika, absolute accuracy
± 0.1xl0s Pa). The output voltage of the pressure transducer is a linear function of
the pressure for all pressures between 0 and 70xl0s Pa, such that 1 mV = 1.7xl0s

Pa. The output voltage is measured to within 0.01 mV. As in the case of the tempe-
rature the stability of the pressure is determined by the stability of the cooling
device. The pressure can be kept constant to within a value corresponding to 0.1
mV over the period of a few hours. The absolute error in the pressure is estimated
tobe±0.2xlO sPa.

Density
The density of liquid methane is calculated with the aid of the equation of

state given by Goodwin and Prydz (1972). The claimed accuracy for the density
calculation is ± 0.1 percent. In the critical region this error becomes larger and it
can amount to as much as 10 percent. This is a consequence of the fact that
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where P is the pressure and p is the density of the liquid. The NBS data for the
density of liquid argon have been given by Angus and Armstrong (1972).

Isothermal compressibility
The isothermal compressibility of methane is calculated by differentiation of

the equation of state. The definition of the isothermal compressibility is

XT p U P L .

For a given value of P and T, the error in the calculated value of p, as compared
with experimental data for p, is a slowly varying function of P and T (Goodwin
and Prydz (1972)). This implies that the error in 9p/3P will usually be small, except
in the neighbourhood of Tc. As a consequence, the error in the calculated value of
Xj is equal to the error of the calculated density.

The accuracy of the calculated values for p and XT's a ' s o dependent on the
accuracy of the P and T and thus on the density dependence of the pressure
(temperature) along an isotherm (isobar). This dependence is greatest if p approaches
the critical density, and it reaches a maximum as the critical isobar (isotherm) is
approached.
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5. RESULTS OF THE MEASUREMENTS

This chapter presents the results of the measurements of the drift velocity of
excess electrons in fluid methane, argon and mixtures of methane and argon. From
the results of the drift velocity measurements in methane it appeared that there is a
similarity between the mobility of excess electrons in liquid methane and that in
liquid argon. The same order of magnitude and the same type of temperature
dependence of the mobility were found in methane and argon. The mobility of
excess electrons in argon is known from data reported in the literature by other
authors. A difference between the behaviour of excess electrons in methane and
argon is the field dependence of the drift velocity at high values of the electric
field (> 104 V/m). In order to study the behaviour of excess electrons in methane
and argon in more detail, measurements of the mobility in mixtures of methane and
argon were carried out and, in addition, the temperature dependence of the electron
drift velocity at high electric field strengths was measured.

Generally, in the limit of zero electric field the drift velocity of excess'
electrons is proportional with the strength of the electric field. The mobility, y.
is defined as the ratio of the drift velocity of the charge carrier and the electric
field in this field region. For increasing electric field values the drift velocity of
electrons is found to be a non-linear function of the electric field, and, at even
higher electric fields an almost field-independent drift velocity is observed in
argon.

The thermodynamic data for methane and argon at the respective triple
point, normal boiling point and critical point are given in table S.I. For methane,
the equation of state, given by Goodwin and Prydz (1972), was used to numeri-
cally calculate the density and isothermal compressibility of the fluid for a given
temperature and pressure.

Table 5.1.

Thermodynamic data of methane ' )
Triple point
Boiling point
Critical point
Thermodynamic data of argon 2 )
Triple point
Boiling point
Critical point
' ) Goodwin and Prydz (1972).
2 ) Angus and Armstrong (1972).

T
(K)

90.680
111.5
190.53

83.78
87.28

150.86

P
(10sPa)

0.117
1.0

45.96

0.687
1.0

48.98

P
(103Mol/m3)

28.15
26.3
10.15

36.96
36.4
13.41

Preliminary results of the mobility measurements in methane were
published in 1976 a,b. The results of the mobility measurements in methane,
together with the results of the mobility measurements in mixtures of methane
and argon were published in 1977. The results of the drift velocity measurements
in methane in the critical region were presented at the 6th International
Conference on Breakdown and Conduction in Dielectric Liquids, 1978.
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5.1. Methane
The drift velocity of excess electrons was measured in methane as a

function of temperature between 91K and 215K, at pressures up to 65 x 10s Pa
and at electric field values up to 106V/m. The distance between the electrodes was
2 x 10"3m. For the high-field measurements (E > 5 x 105 V/m) the distance
between the electrodes was reduced, to 1 x 10*3m.

The measurements in liquid methane along the saturation curve were carried
out at several temperatures between the triple point and the critical temperature.
The results of some of these measurements are shown in Fig. 5.1. The results of
measurements of the drift velocity of excess electrons in liquid methane at the
normal boiling point, as published by Schmidt and Bakale (1972) are shown also
in Fig. S.I.

E(105V/m)
Fig. 5.1. The drift velocity of excess electrons in liquid methane along the saturation

curve as a function of the electric field; + at 91.8 K, oatlllK, •atl70K
and Hat 179 K. The error bars indicate the estimated accidental error at
different drift velocity values. The solid curve represents the results at the
normal boiling point of methane reported by Schmidt and Bakale (19 72).
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The measurements of the mobility of excess electrons as a function of
temperature were carried out along isobars. The mobility of excess electrons was
calculated using the drift velocity measurements for electric field values at which
the drift velocity is proportional with the electric field. At all temperatures and
pressures the drift velocity of excess electrons in methane was found to be linear
with the electric field, to within 5%, for field strengths below 10s V/m.

The values of the mobility of excess electrons in methane are shown in Fig.
5.2. At temperatures close to the triple point, the mobility decreases with tempera-
ture slightly less than proportional with T3n. Below values of 13 x 10s Pa, the
mobility is found to be independent of the applied pressure. The numerous data at
these pressures in this temperature regime are represented in Fig. 5.2. by the full-
drawn curve. At higher temperatures the mobility is observed to increase, implying
a shallow minimum in the mobility at about 135K. At still higher temperatures a
maximum in the mobility is found, which, at even higher temperatures, is followed
by a second minimum in the mobility. The temperature at which the maximum in
the mobility is observed was found to increase with pressure, as can be seen from
Fig. 5.2 and table 5.2.

TIKI
Fig. 5.2. The temperature dependence of the mobility of excess electrons in

methane at different pressures. The arrow indicates the critical temperature.
The solid curve represents the numerous data at pressures lower than
13 x 10s Pa.

For a pressure of 35.8 x 10s Pa the liquid-vapour phase transition was
calculated to take place at 182.8K using the equation of state for methane as given
by Goodwin and Prydz (1972). The mobility at this pressure shows a discontinuous
change close to this temperature (Fig. 5.2). This change is therefore attributed to the
liquid-vapour phase transition. As an illustration, the measured signal at this
temperature is shown in Fig. 5.3. This type of signal is expected to arise when the
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Table 5.2
Maximum values of the mobility of excess electrons in methane at different pressures.
The related temperature, density and isothennal compressibility of methane, at which
the mobility maximum was found, are also given.
P fx T P XT

10sPa K T W / V S K 103Mol/m3 10"10m2/N.

32.2
35.8
40.8
47.8
50.8
55.8
60.8
data
89
117
171

880
860
880
870
950
930
890

from Cippolini, Holroyd and
1005
1010
1060

179.4
180.0
180.8
182.2
185.0
186.0
188.0

17.4
17.5
17.6
17.6
17.1
17.2
17.0

Nishikiwa(1977).
196.1
206.1
221.1

16.8
16.3
16.3

490
440
392
367
454
410
430

344
318
225

liquid-vapour interface is located between the measuring electrodes, and thus the
electrons first drift in the liquid phase and subsequently in the vapour phase. From
Fig. 5.2 it follows that the mobility of the excess electrons is higher in the denser
liquid phase. At pressures higher than the critical pressure, Pc = 46 x 105Pa, no
discontinuous change of the mobility is observed.

Fig. 5.3. The measured signal when the meniscus that separates the liquid from the
vapour is located between the measuring electrodes.
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In Fig. 5.4 the mobility is plotted as a function of the calculated density at
different pressures. It should be noted that the density at which the maximum in
the mobility is found is independent of the applied pressure, as is also shown in
table 5.2. From Fig. 5.4 it can be seen that the minimum in the mobility at low
density values is found at a density slightly lower than the critical density of
methane, p c = 10.15 x 103 Mol/m3.

Recently, Cipollini, Holroyd and Nishikawa (1977) reported on the mobility
of excess electrons in dense methane gas. Their results have been included in table
5.2. and it can be seen that they are consistent with our results.

1000-

>

b 600-

O
E

10 20
density (103 M o l / m 3 )

Fig. 5.4. The density dependence of the mobility of excess electrons in methane at
different pressures. The arrow indicates the critical density.
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The mobility of excess electrons was also measured as a function of tempe-
rature along isochores. It should be realized, however, that the temperature range
was limited, owing to the fact that relatively low pressures can be applied in the
measuring cell only. The temperature dependence of the mobility at the density
at which the mobility maximum is found is shown in Fig. 5.5, and the results of
measurements at the density at which the low-density minimum in the mobility
is found are shown in Fig. 5.6.

175 180 185 190
T IK)

Fig. 5.5. The temperature dependence of the mobility of excess electrons in
methane at the density 17.4 x 10z Mol/m3 at which the maximum in the
mobility is found. The error bar indicates the estimated accidental error.

205
T(K)

Fig. 5.6. The temperature dependence of the mobility of excess electrons at the
density 8.0 x 103 Mol/m3 at which the low density minimum in the
mobility is found. The error bars indicate the estimated accidental error
at different mobility values.
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The drift velocity of excess electrons in methane was measured at electric
field values at which the drift velocity is no longer a linear function of the electric
field. The results of these measurements at a pressure of 50 x lO* Pa and at the
temperature where the maximum in the mobility at this pressure is found,
T = 184.2 K, is given in Fig. 5.7. In addition the results are given of measurements
at two temperatures, one above and the other below 184.2 K, at which the same
value of the mobility is found, as shown in the insert in Fig. 5.7. At higher electric
fields different values of the drift velocity are observed at these two temperatures.

The results of the measurements of the field dependence of the drift velocity
at a pressure of 50 x 10sPa and in the temperature region where the low-density
minimum in the mobility is found, T = 196K, are shown in Fig. 5.8. It is observed
that the deviation of the linear field dependence of the drift velocity changes from
sublinear at the lower temperatures into superlinear at the higher temperatures. At an
intermediate temperature, T = 193.0K, a linear field dependence up to the largest
applied electric fields, 106 V/m, is observed. It is worth noting that at T = 193.3K
the isothermal compressibility, xj> ' n methane at 50 x 10sPa has a maximum in T.

E(10bV/m)

Fig. 5. 7. The drift velocity of excess electrons in methane as a function of the
electric field, measured at 50 x 10s Pa; • 174.7 K; +184.2 K; x 189.3 K.
The error bars indicate the estimated accidental error at different drift
velocity values. The insert gives the mobility of excess electrons in
methane at 50 x 10s Pa as a function of temperature.
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Measurements at a pressure of 60 x 10sPa, given in Fig. 5.9, similary show
that the drift velocity has a linear field dependence up to the largest fields applied
at a temperature of 198.8 K, which again is close to the temperature at which,
with a pressure of 60 x 10sPa, the XT of methane has a maximum value, namely
at T = 200.0 K.

Taking into consideration the accuracy of the temperature measurement
(± 0.2 K), the pressure measurement (± 0.2 x 105Pa) and the equation of state
used, and considering the accidental error in the drift velocity measurements
indicated by the error bars in Figs. 5.8 and 5.9, the results suggest that the drift
velocity is linear up to the highest field applied, at that temperature where XT has
its maximum value.

Fig. 5.8. Tlie drift velocity of excess electrons in methane as a function of the
applied electric field, measured at 50 x 10s Pa; • 191.5 K; kl93.0 K;
o 196.0 K; • 215 K. The error bars indicate the estimated accidental
error and are shown for the measurements at 193.0 K, only. The insert
gives the mobility of excess electrons in methane as a function of
temperature at 50 x 10sPa,

In Fig. 5.10 the ratio of the electron drift velocity in methane and the
applied electric field (the apparent mobility) as a function of temperature is plotted
for different values of the electric field. The data were obtained from the results
shown in Figs. 5.7 and 5.8. These measurements were carried out at a pressure of
50 x 10s Pa. Measurements of the drift velocity at field strengths higher than 106V/m
cannot be carried out in this experimental set-up.
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F/g. 5.9. 7%? drift velocity of excess electrons in methane as a function of the
applied electric field, measured at 60 x 10* Pa;* 196.8 K;* 198.8 K;o 207 K.
The error bars indicate the estimated accidental error and are shown for
the measurements at 198.8 K, only. The insert gives the mobility of excess
electrons in methane as a function of temperature at 60 x 10s Pa.

800-
Fig. 5.10. Tlie ratio of
the electron drift velo-
city in methane ami the
applied electric field as
a function of tempera-
ture at 50 x 10s Pa and
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and at 9 x 10s V/m,o.
The curves are drawn
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arrow indicates the
temperature at which
XT is maximum.
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5.2. Argon
The results of the measurements of the drift velocity of excess electrons in

argon are in agreement with the data as reported by Jahnke, Meyer and Rice (1971).
At temperatures between 90K and 180K and at pressures up to SO x 10s Pa the
drift velocity was found to be a non-linear function of the electric field, at least at
field strenghts higher than 104 V/m. The results of some of the measurements are
shown in Fig. 5.11. As can be seen, no measurements of the drift velocity of excess
electrons at electric fields below 104 V/m were carried out since at these field values
the transit time became too long in comparison with the lifetime of the excess
electrons. As a consequence the mobility in argon was not determined and in view
of the existence of mobility data for argon reported by Jahnke, Meyer and Rice
(1971) no attempts were made to increase the lifetime of the electrons by further
purification of the argon samples. The data of the mobility of excess electrons in
liquid argon as a function of temperature reported by Jahnke et al. show that the
mobility also passes through a maximum.

In argon the temperature dependence of the drift velocity was measured at
a constant electric field 4 x 10s V/m and at a pressure of SO x 10sPa. At this field
strength the drift velocity was found to be almost independent of the electric
field. The results of the measurements are given in Fig. S.I2. A very smooth
temperature dependence is seen, while the shallow minimum in the curve is close
to the temperature where the mobility has its maximum value (T = 149.OK) and
where the x-r has its maximum value (T =* 152K).

0.4 10.6 0.8
E (105V/m)

Fig. 5.11. The drift velocity of excess electrons in argon as a function of the applied
electric field, measured at; • , 84 K and 1 x 10sPa; +, 147,5 KandSOx
10s Pa; o,l55K and 50 x 10s Pa.
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TIK)
Fig. 5,12. The drift velocity of excess electrons in argon as a function of temperature

at 50 x 10sPa and an electric field of 4 x 10s Vjm. The temperature at
which the maximum in the mobility was found is indicated as well as the
temperature at which x j is maximum. The accidental accuracy of the
measurements is indicated by the error bar. The insert gives the mobility
of excess electrons in argon as a function of temperature at 50 x 10s Pa,
reported by Jahnke, Meyer and Rice (19 71).

S.3. Mixtures of methane and argon
Although it appeared that the mobility of excess electrons could not be

determined in liquid argon, as was discussed in the previous section, it did prove
to be possible in mixtures of methane and argon at not too low methane concen-
trations. This was possible due to the fact that the drift velocity of excess electrons
in the mixture is found to be proportional with the applied electric field even at
field strenghts higher than 10* V/m, at which field values the electron drift velocity
could be measured. It was realized that in fact the measuring cell is not designed
with the object to measure the drift velocity of excess electrons in liquid mixtures.
Due to the direct contact of the liquid with the vapour above the liquid, the
composition of Jie liquid and the vapour may be different. Therefore, the drift
velocity measurements in the mixtures are only performed in the fluid phase, that is
at a pressure higher than the critical pressure of the specific mixture, because
methane and argon are presumed to be completely miscible in the fluid phase.
This presumption was made, taking into account the data which have been
given by Ostronov et al (1974) concerning the liquid-vapour equilibrium of the
methane-argon system at high pressures. These data deal with the methane-argon
system over the whole range of compositions of the mixture at temperatures from
90 to 177K and at pressures up to 30 x 10s Pa.

A mixture of the desired composition was prepared by condensing the
required amounts of gaseous methane and argon into the cell. The actual compo-
sition was checked by measuring the heat conductivity of the gas above the
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liquid, applying the same thermal conductivity cell that was used for determining
the hydrogen content of the gas (section 3.3). The composition was always found
to be accurate to within 5% of the smallest component.

The mobility of excess electrons in a 50-50% mixture of methane and argon
at a pressure of 55 x 10sPa was determined as a function of temperature. For
these measurements the cell was filled with the desired amount of gases and sub-
sequently closed. During the measurements no gas was allowed to escape from the
cell in order to avoid variations in the composition of the mixture. As a
consequence, the pressure in the measuring cell increased when the temperature of
the liquid was raised, so that the measurements of the temperature dependence of
the mobility in the mixture were not isobaric. The electron mobility for the
50-50% mixture at 55 x 10sPa, given in Fig, 5.13, was obtained by combining
the results of measurements in four samples, which were different with respect to
the total amount of gas condensed into the cell.

900

T(K)
180

Fig. 5.13. The temperature dependence of the mobility of excess electrons in a 50-
50% mixture of methane and argon at a pressure of 55 x 10s Pa.

In Fig. 5.14 the value of the mobility at the mobility maximum is shown at
a pressure of 50 x 10s Pa as a function of the composition of the mixture. The
temperature at which the maximum was found is given within brackets. From the
results of measurements in mixtures with low methane concentration it is seen
that the error in the mobility value is larger. This is due to the necessary extrapola-
tion of the measurements to low electric field values in order to determine the
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5, M 77ie maximum value of the mobility of excess electrons in a mixture of
methane and argon as a function of the composition of the mixture at
50 x 10sPa. The temperature at which the maximum was found is indi-
cated within brackets. The data for pure argon are from Jahnke, Meyer
and Rice (19 71); they were measured at 149 K. The error bars indicate
the estimated accidental error for the measured values. The dashed curve
gives the maximum in the mobility which is to be expected if this maximum
is the weighted average of the values for the constituent components.

mobility value for this mixture. Fig. 5.15 shows results of the drift velocity
measurements in two different mixtures as an example.

The temperature dependence of the drift velocity of excess electrons in
mixtures of low methane concentration was measured at a constant electric field,
4 x 10s V/m, and at a pressure of 50 x 10sPa. In contrast with the measurements
in the mixtures, shown in Fig. 5.13, these measurements were performed along
isobars. This could be done since at the time of these measurements the compo-
sition of the gas, allowed to escape from the measuring cell in order to keep the
pressure constant when the temperature of the liquid was raised, could be checked
during the measurements. In this way the composition of the liquid mixture could
be shown to be constant. The results are shown in Fig. 5.16 and compared with
the measurements in pure argon given in Fig. 5.12.
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Fig. 5,15. The drift velocity of excess electrons in mixtures of methane and argon as
a function of the electric field at 50 x 10s Pa. At each composition of the
mixture the drift velocity was measured at the temperature at which the
mobility has its maximum.

100 150
T ( K )

Fig. 5.16. The drift velocity of excess electrons in mixtures of methane and argon
asa function of temperature at 50 x 10sPaandan electric field of'4 x 10s

V/m. Pure argon, ;0.3% methane, D; 1% methane, x; 3% methane, o.
The temperature is indicated at which the maximum in the mobility was
found, as well as the temperature at which xp ' s maximum. The accidental
error in the values of the drift velocity is indicated by the error bars.
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6. DISCUSSION AND CONCLUSIONS

In the foregoing chapters the results of drift velocity measurements at various
temperatures and pressures in fluid methane, argon and mixtures of methane and
argon have been presented. The experimental set-up in which these drift velocity
measurements were carried out has been described in detail. In this final chapter
the merits end limitations of the experimental technique chosen arc discussed in
section 6.1. A number of conclusions with respect to the experimental set-up are
given.

In sections 6,2 and 6.3 the results of the drift velocity measurements are com-
pared with recent experimental data reported by other authors and they arc discussed
in relation to some of the theoretical approaches that have appeared in the literature.
In the discussion a distinction is made between the drift velocity measurements in
the limit of low electric fields and the drift velocity measurements as a function of
the electric field. This distinction is made because the field dependence of the drift
velocity shows a non-linearity which sets in at different values of the electric field
as the temperature is varied.

At the end of section 6.2, a rather speculative explanation is suggested to
interpret the observed maximum and minimum in the mobility. The calculations
in connection with this suggestion are given in appendix B.

6.1. The experimental set-up
The design of the experimental set-up was described in detail in chapter 3,

and the influence of different experimental parameters on the results of the drift
velocity measurements was dealt with in chapter 4. This section discusses the
limitations for the drift velocity measurements which are a consequence of the use
of a high-voltage electron gun for generating the excess electrons in the liquid
sample, the design of the cell containing the liquid sample and the method used to
measure the transit time of the excess electrons, respectively.

The main problem inherent to the method of charge generation using a high-
voltage electron gun, is the design of the thin metal foil which the electrons must
penetrate in order to enter the liquid sample. The foil must withstand the pressure
difference between the liquid sample and the vacuum in the electron gun
essentially without bending, so that it can be used as one of the electrodes of the
plane-parallel measuring capacitor. This is advantageous since otherwise an additio-
nal grid electrode has to be placed inside the cell, which may cause a reduction in
the signal due to discharge of electrons at the grid. The solution found and applied
in the measuring cell allows for measurements at pressures up to 65 x 105 Pa. It
turned out, that the performance can even be improved if the dimensions of the
squared holes in the stainless steel foil support are reduced to 0.2x0.2 mm2, in
which case a pressure of about 140 x 10s Pa can be applied. The bending of the
foil under this pressure is negligible (smaller than 25 x 10"6 m, measured after the
pressure is removed).

When an electron gun is used for the generation of excess electrons in a
liquid sample, the density and total number of excess electrons as well as the
dimensions of the excess electron distribution can be varied by changing the
operating conditions of the electron gun. During the measurements it was found
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that the number of excess electrons in the sample could not be enlarged enough for
the influence of space charge effects to become apparent, as was discussed in section
4.3. This may be looked upon as a limitation of the generation method used.

The time shape of the injected charge pulse is determined by the 150 V pulse
at the gun control grid. A 150 V pulse is obtained by amplification of the low-
voltage pulse from the generator using the pentode amplifier. The injected charge
pulse has a minimum duration of about 30 ns (see section 3.1). A shorter duration
is advantageous since then short transit times can be determined more accurately,
as was discussed in section 4.4 and appendix A. In order to obtain a shorter pulse
a mercury-pulse generator was constructed (discharging of a coaxial cable by means
of a mercury switch) which generates pulses of 150 V with a duration between 3
and 100 ns and a rise time of less than 1 ns. Unfortunately, the very fast rise time
of this 150 V pulse introduced an interfering signal in the measuring circuitry.
Attempts to suppress this interfering signal have not been succesful up till now and
therefore no drift velocity measurements could be performed with these short
pulses.

An important feature of the measuring cell, described in section 3.2. is that
the temperature and pressure of the liquid sample can be chosen separately. As a
consequence, the measurements are not restricted to measurements in the liquid
along the saturation curve. This was relevant for the observation that the
mobility maximum in methane takes place at a constant density as well as for the
observation that the drift velocity in methane is found to be proportional with
the electric field strength up to the highest fields applied at a temperature close
to the temperature for which the isothermal compressibility is maximal.
A possible disadvantage is that the liquid is in direct contact with its vapour, since
then a temperature gradient is present in the liquid sample because the temperature
at the liquid-vapour interface, determined by the pressure in the cell, and the
temperature of the liquid close to the measuring capacitor, determined by the
cooling rate, are not necessarily the same. The temperature gradient between the
electrodes was found to be small (see section 3.2).

Moreover, due to the direct contact between the liquid and its vapour, an
additional problem arises for mixtures. Since the mixing ratio is not the same in
the liquid and the vapour phase, a composition of the liquid mixture may result,
different from the composition as determined by the amounts of gases being con-
densed into the cell. During the measurements the composition of the vapour
above the liquid mixture was checked and was found to be the intended one for
the liquid phase to within a few percent of the smallest component.

In the course of this study a second version of the measuring cell was
constructed. In this second version of the cell the volume of the liquid sample and
the volume of the vapour above the liquid are reduced considerably. This made it
possible, with the same amount of condensed gas, to perform measurements at
low temperatures (90K) and high pressure (50 x 10s Pa). Since differences
between the two versions of the cell are of no importance for the results of the
measurement presented in chapter 5, no distinction is made between the
measurements made in the one or the other measuring cell.

In the experimental set-up the current produced in the external circuitry by the
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electrons drifting between the measuring electrodes is integrated and displayed. The
integrating measuring device, which consists of a 1 G£2 measuring resistance plus a
voltage follower, has a response time of about 5 ns. As a consequence transit times
as short as about 50 ns ( » 5 ns) can be measured. On the other hand because of
the very long RC time (1 ms) of the circuitry, transit times as long as about 100 fxs
( « 1 ms) can be measured also. Since the amplitude of the measured signal is
independent of the value of the transit time, as can be seen from Eq. 4.1, the
device allows the measurement of transit times in the range between 50 ns and 100
fxs without changing the electronics. It is possible to increase the value of the
measuring resistance to 100 G£2, so that the relatively low values of the drift
velocity of molecular ions can also be measured with this system. Owing to the
integration of the measured signal, some information is obscured (such as electron
life time effects, as was discussed in section 4.2).

An essential condition to allow for the drift velocity measurements of excess
electrons is the purity of the liquid sample. The purification of methane and argon
gas, as was described in section 3.3, using titanium sponge heated up to 600°C is
shown to be very effective resulting in electron lifetimes of about 1 us in the
liquid samples. On the other hand, electron lifetimes are obtained of the same
order of magnitude in methane and argon if only the oxygen content of the
gases is removed by bubbling the gas through a viologen solution in which the
radical cation is formed by electrolysis. Since the viologen solution is at room
temperature, it can also be used to remove the oxygen from molecular gases
which cannot be purified using the too hot titanium sponge. Whether, also for
other molecular gases than methane, the removal of oxygen is sufficient to allow
for the electron drift velocity measurements is not known up till now.

The lifetime of the excess electrons in the liquid sample was also determined,
as was shown in section 3.3. This could be done without changing the design of
the measuring cell, making it possible, to study the rate constant of electron
capture by solutes as a function of temperature, density and the electric field.
This rate constant has been the subject of recent studies, see for instance Bakale,
Sowada and Schmidt (1976) but it has not been studied in the critical region of
a liquid until now.

In conclusion it may be stated that a relatively small and easily handled
apparatus has been constructed in which the drift velocity of excess electrons in
a liquid sample can be studied at all temperatures between 77K and 300K and at
all pressures below 65xlO5 Pa. The possibility of studying excess electrons in the
liquid not only along the saturation curve is shown to be especially important.
Another advantage of the experimental set-up is the large region of transit times
that can be measured without changing the electronic device. The results of the
drift velocity measurements, presented in chapter 5, generally compare reasonably
well with data reported in the literature which usually have been obtained in
different kind of experiments. The accuracy of the measured drift velocities is
estimated to be about 7.5% and of the measured mobilities about 10%, if the
distance between the measuring electrodes,/, is 2 x 10"3 m. It must be emphasized
that a relatively large fraction of this error is due to the inaccuracy of /.
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6.2. The drift velocity in the limit of low electric fields, the mobility
At low electric field values, the drift velocity of a charge carrier is found to be

proportional with the electric field. It is commonly assumed that, at these low
electric field strengths, the excess electrons are in thermal equilibrium with the
atoms or molecules in the liquid. These thermalized electrons have an average
kinetic energy which equals that of the atoms or molecules in the liquid. Although
the drift velocity of an excess electron in liquid methane and argon is much higher
at all temperatures than the drift velocity of a molecular ion at the same value of
the electric field, it is smaller than the thermal velocity of the electrons, by more
than a factor of 5 for methane and by more than a factor of 50 for argon. In view
of their high drift velocity in both liquids the excess electrons are often referred
to as quasi-free electrons,

The value of the mobility of quasi-free electrons in liquid methane was first
reported by Fuochi and Freeman (1972). They inferred a mobility of 3 x 10"2

m2/Vs in methane at 120 K from conductivity measurements of pulse-irradiated
methane. Measurements of the drift velocity of quasi-free electrons in methane
along the saturation curve have been reported by Schmidt and BaJcale (1972) and
by Bakale and Schmidt (1973). They measured the decay of the current produced
after a charge distribution was uniformly generated between the electrodes during
pulses. They reported a mobility of 4 x 10"2 m2/Vs at 111 K and a negative
temperature coefficient of the mobility in the temperature range between 91K and
140 K, which is in agreement with the results of our measurements in methane, as
can be seen from Fig. 5.2.

In the present study the mobility of quasi-free electrons was measured in
methane and in mixtures of methane and argon. It was found that the temperature
dependence of the mobility in liquid methane is similar to that found for liquid
argon by Jahnke, Meyer and Rice (1971). The mobility in the dense liquid is of
the same order of magnitude for both methane and argon. The mobility at the
maximum is about a factor of two lower in methane than in argon, and, within
the accuracy of the experiment, it was found to be independent of the applied
pressure, as can be seen from the data given in table 5.2. In argon Jahnke et al,
found that the mobility at the maximum increased when the pressure was raised.
Finally, it was found that the mobility at the low-density minimum was much
smaller for methane than for argon and it increased if the pressure was raised. No
data are available on the pressure dependence of the mobility at the low-density
minimum in argon.

Recent data, published by other authors on the mobility maximum of
quasi-free electrons in molecular liquids in the critical region are given in table 6.1.
The molecular liquids in which no maximum in the mobility has been observed
are also included in table 6.1. Apparently, the maximum is only found if the
molecules of the liquid have a more or less spherical shape. This leads to the
conclusion that the occurrence of a maximum in the electron mobility versus
density plot seems to be a rather general feature for the drift of quasi-free
electrons in spherical molecular liquids and in the liquid rare gases.

The mobility of quasi-free electrons in liquid mixtures of methane and
argon has been studied by Sowada (1975) and Sowada, Schmidt and Bakale (1977).
They reported the results of drift velocity measurements in mixtures of methane
and argon at 87 K and found that the low-field drift velocity in argon was not
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Table 6.1.
The mobility of quasi-free electrons in organic liquids along the saturation line at
the mobility maximum. The density at which the maximum is observed as well as
the reduced density are given.

liquid JL

methane
ethane

2,2-dimethylpropane

cyclopentane
n-pentane
isopentane

tetramethylsilane

2,2-dimethylbutane

2,3-dimethylbutane

3 -methylpentane
3 ,3 -dimethylpentane
2,2,4-trimethylpentane
2,2,2,4-tetramethyl-

pentane

'max
ilO^Vs

860

- 1 )

193

23
- 1 )
25

117

73

- 1 )

- 1 )
80
34
90

p m a x

\ xlO-'Mol/m8

17
_

5.8

5.8
_
4.7

5.8

4.6

—

-

Pmax//3

1.7
_

1.7

1.7
-
1.4

2.62)

1.7

—

-
1.65
1.55
1.95

c Reference

this work
Doldissen, Bakale
and Schmidt (1978)

Dodelet & Freeman
(1977)

„
„

Gyorgy & Freeman
(1978)
Cipollini and Allen
(1977)
Dodelet and Freeman
(1976)
Ryan and Freeman
(1978)

,,
J )

1) In these liquids no maximum in the mobility has been observed.
2) The value of p c= 0.197 x 103 kg/m3 used by these authors is open to some doubt,

and is probably too small (van Loef (1978)).

affected appreciably by the addition of methane up till 50% of methane. Further-
more, only the electron mobility in a liquid mixture of n-hexane and neopentane
at room temperature (Minday, Schmidt and Davis (1971)) and in a liquid mixture
of methane and ethane at 111 K (Bakale, Tauchert and Smidt (1975)) has been
published in the literature. Apparently, no temperature dependence of the
mobility for mixtures of liquids of which both components show quasi-free
electrons (and possibly a maximum in the mobility) have been studied earlier.

In the remaining part of this section the results of the mobility measurements
in liquid methane and in liquid mixtures of methane and argon are discussed in
relation to some of the theoretical approaches which have appeared in the literature
to explain the temperature or density dependence of the mobility of quasi-free
electrons in dielectric liquids. Because the Cohen and Lekner (1967) theory for
the mobility of quasi-free electrons in gases, liquids and solids (see chapter 1) does
not explain the observed maximum of the mobility in the liquid, a number of
extensions of this theory has been suggested in the literature.

The first attempt to explain the maximum in the mobility was made by
Lekner (1968). He realised that the values of the scattering length in gaseous argon
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is negative, as was found by Ramsauer and Kollath (1929), and in liquid argon
positive, as calculated by Lekner (1967). In the last calculation a semi-empirical
effective potential was used. It is semi-empirical because a theoretical expression for
S(k), the structure factor, corresponding to liquid-argon density and a hard-core
diameter of 3.44 x 10*10 m was used for calculating the potential. Lekner conclu-
ded that the value of the scattering length will become zero at some intermediate
density. At this density a maximum in the mobility should then be found. Further-
more, Lekner assumed that due to the density fluctuations known to exist in the
liquid, the mobility will always remain finite. This "zero scattering length" model
may also apply to methane, since the value of the scattering length in gaseous
methane-has also been found to be negative (Ramsauer and Kollath (1929)).

The "zero scattering length" model can be tested semi-empirically by
calculating the scattering length as a function of density using Eq. 1.3 and the
experimentally obtained mobility values. This semi-empirical scattering length in
methane at a pressure of 55 x 10s Pa is plotted versus the fluid density in Fig. 6.1.
At high densities it appears to be a linear function of the density, while
extrapolation of the linear part of the curve to zero scattering length yields the
density value of 17 x 103 Mol/m3, a value close to that at which the maximum

1000

0

Fig. 6.1.

10 20
density (103Mo(/m3)

The mobility of excess electron in liquid methane as a junction of the
liquid density; at pressures lower than 13x 105Pa, +;at55x 10s Pa, x.
Density dependence of the absolute value of the semi-empirical scattering
length; at pressures lower than 13 x 10sPa, o; at 55 x 10* Pa,:
The arrow indicates the critical density.
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in the mobility is found, as can be seen in Fig. 6.1. The same features have also
been found for argon by Jahnke, Meyer and Rice (1971). It should be noted that
the maximum in the mobility in methane is found along the 55 x 10s Pa isobar,
while the linear part of the curve calculated for the scattering length is obtained
using the measurements at pressures lower than 13 x 10s Pa.

Boclim (1975) suggested that the maximum in the mobility could be
connected with the density fluctuations which are known to be present in the
liquid and that are most pronounced in the critical region of the liquid. However,
the assumptions he needs are quite sweeping and therefore the value of his model
is questionable. On the contrary Lekner and Bishop (1973) have suggested that
the low density minimum in the mobility may be due to localization of the elec-
trons at density fluctuations. The observation that the value of the mobility in
the low-density minimum in methane decreases if the temperature approaches
the critical temperature (Tc = 190.5K), as can be seen from Fig. 5.6, supports
this suggestion, since the density fluctuations are most pronounced at the
critical point. Furthermore, the results of the drift velocity measurements in
methane in this temperature regime, as discussed in the following section, indicate
that the density fluctuations may play an important role in the liquid in the
scattering of quasi-free electrons. Since the low-density minimum in methane is
found at a density sligthly less than the critical density (pc = 10.15xlO3 Mol/m3)
it is likely that the mechanism which is responsible for the mobility maximum, may
cause the shift.

Christophorou and McCorkle (1976) assumed that the mobility maximum is
the result of a so-called Ramsauer minimum in the cross-section for electron
scattering. The Ramsauer minimum is a minimum in the cross-section as a function
of the electron energy. It is found in gaseous argon and methane at an energy of a
few tenths of an electron-volt, Christophorou and McCorkle (1976). These authors
observed that the energy at which the cross-section is a minimum is reduced as the
density of the gas increases. They therefore suggest that in the more dense liquid
the minimum may already be found at thermal energies of the electron, and
becomes apparent as a maximum in the mobility of quasi-free electrons as a function
of temperature.

Recently Cohen (1977) reported on a detailed theory which purports to
account for the observed density dependence of the mobility. He points out that the
scattering of the electron in the fluid occurs from density fluctuations. He suggests
the use of a deformation potential as the scattering potential and not the semi-
empirical effective potential associated with an individual atom, as has been
used by Lekner (1967). The density of the liquid is assumed to be the only
parameter relevant to this deformation potential. Cohen suggests that the maxi-
mum in the electron mobility is then a consequence of a minimum in the absolute
value of Vjj, the first derivative, with respect to the density, of the ground state
energy of the electron in the liquid. The density dependence of V'o was calculated
by Cohen for argon using the model given by Springett, Jortner and Cohen (1968)
and indeed he found a (shallow) minimum in V'o at a density close to the density
at which a mobility maximum occurs.

In a recent publication Cipollini, Holroyd and Nishikawa (1977) conjectured
that the mobility could be a maximum due to a minimum in the value of Vo as a
function of density, since this minimum in Vo will result in a maximum in the
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mean free path. They calculated the density dependence of Vo using the Wigner-
Seitz approximation for the potential in the liquid (as given by Springett, Jortner
and Cohen (1968)) and found a minimum in the value of Vo at the density at
which the maximum in the mobility in methane occurs. Very recently Holroyd and
Cipollini (1978) measured the ground state energy of an electron as a function of
density in neopentane and tetramethylsilane. In these molecular liquids a shallow
minimum occurs in the value of Vo at the density at which the maximum in the
mobility is found (for neopentane by Dodelet and Freeman (1977) and for
tetramethylsilane by Cipollini and Allen (1977)).

The results of the calculations of both Vo and Vo are shown to be very
sensitive to the assumption made about the potential and the scattering in the
liquid; furthermore, the relation between Vo or Vo and the mobility is not clear.
Therefore, the significance of these suggestions is difficult to evaluate. On the
other hand the close correspondence found between the conduction band minima
and the electron mobility maxima in the tetraiiiethyl compounds is worth noting.
It is concluded that an entirely satisfactory explanation has not yet been found for
the observed maximum in the mobility of quasi-free electrons in methane and
argon.

It is well known that apart from the lack of long-range periodicity in the
liquid, the liquid and solid phase also differ with respect to the change in density
as a function of temperature under normal pressures. In order to get an impres-
sion how a change in density affects the liquid potential felt by the electrons
and hence affects the scattering of a quasi-free electron, calculations have been
made of the effective mass of an electron, m*, in a one-dimensional periodic
structure of rectangular humps of potential Uh and breath b, separated by regions
of zero potential and breath a (the Kronig-Penney model). The density change is
simulated by varying the value of a for fixed values of b and Uh. The calculations
of the effective mass are given in appendix B. It is found that m* shows a rather
surprising "density" dependence. The value of m* has a maximum value, then
becomes zero at a distinct value of l/(a + b) and increases again for higher values
of I/(a + b).

A tentative suggestion is that the density dependence of the effective mass
of the quasi-free electrons in liquid methane is of the form as calculated for the
one-dimensional Kronig-Penney model. It might at least qualitatively explain both
the high-density minimum and the maximum in the mobility of quasi-free electrons.
In this connection it seems reasonable to expect that the lack of periodicity, the
actual shape of the potential, and the extension from one to three dimensions
will prevent the minimum value of m* from being zero in the liquid, which is
consistent with the observed finite value of the mobility at the maximum.

Clearly, more elaborate calculations are necessary to test the applicability of
this effective mass model. A number of experimental observations concerning the
drift velocity of quasi-free electrons may be of interest in this respect. Firstly, the
mobility of quasi-free electrons in the solid and the liquid phase at temperatures
close to the triple point is of comparable magnitude, as was mentioned in chapter
1. Furthermore, the effective mass calculations are only valid for electrons close
to the bottom of the band. This could be consistent with the observation that
no maximum is found for the drift velocity of hot electrons in argon, as is shown
in Fig. 5.12. Finally, the observation that a maximum in the mobility is only
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found in the more spherical molecular liquids may stress the relevance of a potential
as periodic as possible.

6.3. The drift velocity as a function of the electric field
At increasing values of the electric field, the dependency of the electron drift

velocity on the electric field in methane and argon and in mixtures of methane and
argon was observed to become either sublinear or superlinear, depending on the
actual temperature and pressure of the liquid. When the value of the electric field
increases, the energy gained by the electrons from the field during the time
between two collisions, may become larger than the average energy lost per
collision. As a result the average kinetic energy of the electrons increases and the
field dependence of the drift velocity may show deviations from proportionality,

The first measurements of the drift velocity of quasi-free electrons in liquid
methane were reported by Schmidt and Bakale (1972) and were, as far as possible,
included in Fig. 5.1. They measured the drift velocity in methane close to the
normal boiling point up to fields of the order of 2 x 106 V/m. Measurements of
the field dependence of the drift velocity of quasi-free electrons in liquid argon
were reported by Jahnke, Meyer and Rice (1971). They measured the drift velocity
at values of the electric field up to 104 V/m and at temperatures between 90.1 K
and 160 K and at pressures up to 100 x 10s Pa. The field dependence was found
to be sublinear at lower temperatures and superlinear at higher temperatures, as
for methane. In methane it was observed that the change of a sublinear into a
superlinear field dependence occurs at the temperature at which the isothermal
compressibility has a maximum value (for a given pressure, see section 5.1). It
cannot be verified from the argon data if this is also the case for argon.

Measurements of the electron drift velocity in argon at higher electric fields
(107 V/m) and at temperatures close to the triple point have been reported by
Miller, Howe and Spear (1968). They found a saturation of the drift velocity at
these high fields.

Drift velocity measurements in liquid mixtures of methane and argon have
been published by Sowada (1975) and Sowada, Schmidt and Bakale (1977) at a
temperature close to the triple point of liquid argon and at values of the electric
field up to 107 V/m. At an electric field of 4 x 10s V/m and a methane
concentration of 3.2% the electron drift velocity was found to increase by about
a factor of two compared to the value of the pure solvent. The effect of a
molecular impurity on the electron drift velocity in argon gas is dealt with by
Long, Bailey and Garscadden (1976). The effect of 1% N2 in argon at 50 x 10s Pa
and 4 x 104 V/m results in an increase of the electron drift velocity by a factor of
about 3.5 compared to the value of the pure gas. These results are consistent with
the results of the measurements shown in Fig. 5.16. They demonstrate the
difference between the effect of a molecular impurity on the electron drift
velocity in liquid and in gaseous argon.

The field dependence of the drift velocity of quasi-free electrons in
dielectric liquids is not yet understood. In the. remaining part of this section the
results of the drift velocity measurements in liquid methane and argon and in the
mixtures of methane and argon will be discussed in connection with suggestions
and results published in the literature by different authors.
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Cohen and Lekner(1967) suggested that the value of the drift velocity at
which the onset of a non-linear field dependence becomes apparent may be
proportional to the velocity of sound in the liquid. Comparing the results of the
measurements in methane at 174.4K and 189.3K and 50 x 50s Pa, chosen such
that the low-field drift velocity coincides as shown in Fig. 5.7, it can be seen that
the non-linear field dependence sets in at a lower drift velocity at 174.4 K. On the
other hand, the velocity of sound in methane is lowest at 189.3 K. This is in
contradiction with the simple relationship proposed between the value of the
drift velocity at which the non-iinear field dependence sets in and the velocity of
sound in the liquid. The sound velocity values in methane are from Goodwin (1973).

The deviation of the linear field dependence of the drift velocity of quasi-
free electrons in methane is found to be sublinear in the liquid phase and super-
linear in the dense gas phase. It is commonly assumed that the superlinear increase
of the drift velocity is caused by the Kamsauer minimum in the scattering cross-
section of electrons as a function of the electron energy. The existence of this
Ramsauer minimum in methane and argon gas has been discussed in section 6,2.
Since it is a typical single scattering phenomenon, it is expected to become apparent
at low densities only. However, Huang and Freeman (1978) reported that in xenon
the superlinear field dependence of the electron drift velocity is also found in the
liquid phase at densities below the density at which the maximum in the mobility
occurs (Kimura and Freeman (1974)). If the superlinear field dependence, even in
the liquid phase of xenon, is explained by the Ramsauer effect, this implies that
even in the liquid phase of xenon the scattering of the excess electron is a
single scattering process. In addition, an essential condition for the existence of a
Ramsauer minimum is that the value of the electron scattering length is negative,
as was shown by O'Malley (1963). Therefore, it may be concluded that the
electron scattering length is negative in xenon even in the liquid phase. This, in turn,
supports the zero-scattering length model as has been discussed in the preceding
section.

For methane the region of a linear field dependence of the drift velocity is
larger at temperatures close to the temperature at which the isothermal
compressibility is greatest for a given pressure. Since the density fluctuations are
most pronounced if the isothermal compressibility is greatest this observation
indicates that the density fluctuations may play ;>• important role in the liquid in
the scattering of quasi-free electrons. In addition, if it is assumed that a linear field
dependence is found when the quasi-free electrons remain in thermal equilibrium
with the molecules in the liquid, then the scattering of quasi-free electrons at
density fluctuations may be associated with inelastic processes ("cooling" of the
electrons).

The drift velocity of excess electrons in argon at 4 x 10s V/m, shown in Fig.
5.12, indicates that the temperature dependence of this drift velocity and the low-
field values of the drift velocity do not seem to be related. The maximum and the
(high-density) minimum in the values of the latter (Jahnke, Meyer and Rice (1971))
do not occur in the former. If the excess electrons are assumed to be no longer in
thermal equilibrium with the atoms in liquid argon at a field of 4x10s V/m, then
this observation suggests that the scattering mechanism giving rise to the mobility
maximum and minimum is confined to scattering of thermalized electrons only.

The measurements of the drift velocity of quasi-free electrons in mixtures



of methane and argon for !.ow methane (.uncviufcuoji*, shuwu in rig. ^,HJ,
demonstrate the diffeic-nce bewvetn the .suiuti^n, ui tiui/i/on.. in uit h^^iu .u-i :r
the gas phase. It may be concluded thai in the liqviid jAase single icatte ring < if she
electrons is not a dominating process. The same conclusion was drawn froir il a
mobility measurements in the mixture.
On the other hand the recent drift velocity measurements iu xenon made by hua;.t,
and Freeman (1978) suggest single scattering even in the liquid phase (at donsi;ics
lower than the density at which the maximum in the mobility lias been found). r»3

was discussed before. Therefore, it would be interesting to measure the
"saturated" drift velocity in mixtures of xenon and methane at low methane
concentration, since for xenon the temperature at which tiic isothermal
compressibility has its maximum value is about 70 degrees higher than the
temperature at which the mobility maximum has been found, allowing possibly to
decide whether single scattering indeed takes place also in the liquid phase in xenon.

As an overall conclusion it may be stated that an experimental set-up has
been built in which electron drift velocity measurement1; in liquids were carried
out successfully. Unfortunately, the results of these measurements did not lead to
a clear picture concerning the behaviour of "quasi-frse electrons" in dielertjfr
liquids. Hopefully, further calculations with respect to the effectivs mass of these
electrons in the liquid (see section 6.2.) will indicate the relevance of this, up id
now speculative, suggestion to explain the observed mobility maximum.
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Table A. 1:

The number of drifting electrons and the measured signal as a Junction of time if a
square pulse is used with a duration tp and a total amount of electrons N.

r>tp

T<tp

N(t)=jN(x,t)dx
0

= tp-N

= N

T+tp-t

= 0

= tp - N

T + t n - t

= 0

D [ T

- u eN t

eN
C

= ly4 "c" ft^

eN / , (T

eN
C

0

;

r +1 — 0 \

2rtp J

Jt~)

+ tP"t)2\
2rtp )

0<t<tp

tp<t<r

T<t<T+tp

T+tp<t<«>

0<t<7

T<t<tp

tp<t<T+tp

T + t p <t<~



75

Appendix A. Determination of the transit time for high values of the drift
velocity

For high values of the drift velocity of the excess electrons, their transit
time, r, is very short and can be of the same order of magnitude as the duration of
the injected charge pulse, tp. For a charge pulse with a negligibly short rise and
fall time and if 7 < 5 tp, the measured time T' = t0i6 - to.i is no longer equal to
half the transit time. Nevertheless it is possible to calculate rfrom T' if there are
no other reasons fof r being not equal to xh r. For this calculation expressions for
the times to.i and tn,6 as a function of rand tp are required. Such expressions can
be derived since for a fixed value of tp and 7 the number of drifting excess electrons
and thus the measured signal is known as a function of time. The expressions for
N(t) and the measured signal Vsjgn(t) for the respective time regimes are given in
table A.I, for the case in which the injected charge pulse is square.

Using the expressions for VSjgn(t) it is possible to express to,i and t0>6 and
thus r' = t0.6 •- to.i in terms of tp and 7. Under ideal circumstances, using Eq. 4.1,
this gives

Y.*i8nJ^d? d=f 1. = t_oj
•) 10" 7

def 6_to , 6

10 T

and thus T' = V4 7. The expressions for 27'/tp as a function of 7/tp if a square pulse

5< L <«

is used with a duration tp are

t p t p

1.25 < L <5

%/© 0.8 < -L < 1.25
V tp tp

0.2 < ~ <0.8

= 1 0< { - <0.2

The relation between 27r/tp is shown in Fig. A.I,
The necessity of the above transformation of T' into 7for a given value of tp

is demonstrated in Fig. A.2. For different values of tp, the calculated drift
velocity is shown, using twice the time r' as transit tune. As a result different values
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CM

Fig. A.I. The transfonnation of the time T' into the transit time, for a given value
of the duration of the injected charge pulse, tp.
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Fig. A. 2. The apparent drift velocity of excess electrons in liquid methane at the
normal boiling poin tasa function of the applied electric field and for
different values of the duration of the injected charge pulse, try The drift
velocity is calculated using twice the measured time as transit'time.
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for the drift velocity are obtained for different values of tp, which is clearly
incorrect. In Fig. A.3 the calculated value of the transit time taking into
account the value of tp, is used for the calculation of the drift velocity. As a result
a reasonable agreement between the drift velocities obtained from measurements
with different values of tp is found.

It should be realised that for small values of r/tp the resulting uncertainty
in the value of ris enlarged due to the transformation of 7' into r , as was discussed
in section 4.4.
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Fig. A.3. The drift velocity of excess electrons in liquid methane at the normal
boiling point as a Junction of the applied electric field and for differen t
values of the duration of the injected charge pulse, tp. The drift velocity
is calculated using the calculated transit times.
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Appendix B. Effective mass calculation

The value of the effective mass of a nearly free electron in a periodic potential
is given by

m* = 1
h2

Where e is the energy of the electron, k its wavevector and h= h/2 it, where h is
Planck's constant. Calculation of m* can easily be performed for a one-dimensional
periodic structure of rectangular humps of height U|i and breadth b, separated by
regions of zero potential and breadth a, the Kronig-Penney model. For this potential
the Schrodinger equation can be solved in terms of elementary functions as given by
Wilson (1965). The e, k-relation is given by

cos k (a + b) = cos 0a cosh yb +-^- -- sin §a sinh yb

, _j 8 it7 m e . a 8 7r2 m(Uh - e)
where p = ; and 7 =

\v h2

and m is the electron mass.
The energy of electrons near k = 0 can be expressed by

h2

e(k) =e(0) -k2

B.2

B.3
m*

The solution for e (0) and m* can be obtained by expanding Eq. B.2 for k -»• 0. This
results in two equations, namely,

Uh - 2 e (0)
< cosh yob + — — - j j sin (3^ sinh yob B.4

B.5

- sin
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From Eq. B.4 a set of solutions for e (0) results. The ith solution, ej (0),
corresponds with the energy of the electron at k = 0 of the ith band. For each
solution e,(0) the corresponding value for m* can be calculated using Eq. B.5.
The value of Uh is chosen to be negative, while the value of ej(O) can be positive
or negative.

The first energy gap at k = Ois found between the top of the second and the
bottem of the third band. Therefore, the third band is considered to be the "conduc-
tion band" for electrons, and the effective mass is calculated at the bottom of the
third band. The result of the calculated value of m*/m as a function of the quotient
l/(a + b) for the third band is shown in Fig, B.I. The calculations are performed for
the values of b = 4xlO'10 m and Uh = - 1.6xlO-w J = - leV, while the density
variation of the potential is simulated by variation of the value of a for this fixed
value of 6. A rather surprising "density" dependence of m* is found. The value of
m* has a maximum value, then becomes zero at a distinct value of I/(a + b) and
increases again for higher values of 1 /(a + b). The zero value of m* is found if the
following condition is fullfilled: 0^ = iyob = n, where the value of Ujj is chosen
negative.

Fig. B. 1. The value ofm */m as a function ofp = lj(a + b) for the third band in the
one-dimensional Kronig-Penney potential The value of a is varied while
the value ofb = 4xl(T10 m and Uh = - 1.62x10-™ J = - 1 eV.
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LIST OF FREQUENTLY USED SYMBOLS

a0 electron scattering length.
C total capacity of the measuring capacitor
d circular diameter of the injected charge distribution
D Diffusion coefficient
e charge of an electron
E the applied electric field, V//
E(x, t) the electric field as a function of time and location
e0 the vacuum permittivity
er the dielectric constant
A h thickness of the injected charge layer
i (t) total current density as a function of time, (A/m2)
ic(x,t) conduction current density as a function of time and location, (A/m2)
I(t) total current as a function of time, (A)
' D ( X ' *) ^ l e current as a function of time and locution due to diffusion of N(x, t)
kg Boltzmann's constant
/ distance between the electrodes
A / a measure for the non-parallelism between the electrodes
m mass of the electron
m* effective mass of the electron
n(x, t) number of excess electrons per unit length as a function of time and location,

which were generated at t=0 in the charge layer adjacent to the injection
electrode

N(t) total number of excess electrons in the charge layer as a function of time,
which were generated at t=0 in the charge layer adjacent to the injection
electrode

N =N(0)
nx(x, t) total number of excess electrons per unit length as a function of time and

location, which were generated between the electrodes at t=0 by X-rays
total number of excess electrons between the electrodes as a function of
time, which were generated between the electrodes at t=0 by X-rays.

NX =NX(0)
P pressure
Pc critical pressure
p density
pc critical density
S(k) liquid structure factor
a cross section for electron scattering
t time
tp duration of the injected charge pulse
t/ lifetime of the excess electron
to.i time at which Vsjgn = 0.1 Vsign (r)
to.6 time at which V s i g n = 0.6 V sjg n (r)
T temperature
T c critical temperature
r transit time
r' ' = to;6 — to . i , the measured time
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V applied voltage between the measuring electrodes
Vj^y accelerator voltage of the electron gun
Vsjgn(t) the measured signal as a function of time
x position coordinate
XT isothermal compressibility
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Summary

In this thesis a description is given of an experimental investigation of the drift
velocity of excess electrons in fluid methane at temperatures between 91K and 215K
and at pressures up to 65 x 105Pa, This investigation was prompted by the observa-
tions, reported in the literature, of a negative excess charge carrier with a very high
drift velocity in argon and in some organic liquids. These fast charge carriers very
probably are electrons. In order to study the behaviour of these electrons it is
essential to measure their drift velocity as a function of temperature and pressure.
This measurement had become possible especially due to the improved purification
techniques of the liquids under investigation. The purification prevents the electron
from being captured too soon by an electron-scavuiiging impurity. From the results
of the measurements in methane it appeared that in some respects the behaviour of
excess electrons in methane is qualitatively similar to that in argon. For this reason
a number of measurements of the electron drift velocity have been carried out in
argon and in mixtures of methane and argon as well.

In chapter 2 a short survey is given of the experimental techniques that can be
used to determine the drift velocity of excess charge carriers in liquids as well as of
the techniques that can be used to generate excess electrons in the liquid. Finally
a discussion is devoted to the resulting signal which is a measure of the drift
velocity of the excess electrons.

Chapter 3 presents a detailed description of the experimental set-up. The
excess electrons are generated with a high-voltage electron gun, which produces a
pulse of highly energetic electrons. A fraction of these electrons enters the liquid
sample by passing through a thin metal foil which separates the liquid sample
and the vacuum present in the electron gun. At the same time the foil is used as
one of two plane-parallel electrodes of the measuring capacitor in which the drift
velocity of the excess electrons is to be measured. The remaining part of chapter 3
deals with the design of the measuring cell, the sample handling, including its
purification, and the method used to check its purity.

Chapter 4 discusses the experimental set-up and describes the effect of
different experimental variables on the results. The chapter concludes with the
estimated errors of the various measured quantities and their consequences for the
accuracy of the calculated quantities.

In chapter 5 the results of the drift velocity measurements in fluid methane,
argon and mixtures of methane and argon are given. The drift velocity is measured
as a function of the temperature, the pressure, the electric field and the composition
of the mixture. It is observed that the absolute value as well as the temperature
dependence of the drift velocity of the excess electrons in methane and argon are
similar at low values of the electric field (that is, at values of the field at which the
drift velocity is proportional with the field strenght). At higher values of the electric
field considerable deviations of this similarity between methane and argon are
observed.
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In the final chapter of this thesis the overal performance of the experimental
set-up is discussed. The results of the measurements are compared with those reported
by other authors and, whenever possible, theoretical suggestions to explain the
observed mobilities are checked with the experiments. Unfortunately, an entirely
satisfactory explanation for the observed maximum and minima in the mobility
has not been found. Finally, an attempt is made to explain these mobility extremes,
based on the calculation of the effective mass of an electron in a one-dimensional
Kronig-Penney Potential as a function of the "density" of this potential. The results
of this calculation are very interesting and hopefully future calculations will
demonstrate the relevance of the effective mass of electrons in the liquid in order
to explain the observed mobility values.
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Samenvatting

In dit proefschrift wordt een experimenteel onderzoek beschreven van de
driftsnelheid van exces-eleetronen in vloeibaar methuan in Jict temperatuuigebied
van 91 tot 215K en tot drukken van 65 x 105Pa. De belangrijkste redenen voor het
opzetten van dit onderzoek waren de meldingen in de literatuur betreffende de
waarneming van negative exces-ladingdragers met een zeer hoge driftsnelheid in
vloeibaar argon en in enkele organische vloeistoffen. Dc/e snelle ladingdragers zijn
hoogstwaarschijnlijk electronen. Voor cen beter begrip van het gedrag van deze
electronen is de meting van de driftsnelheid als functie van de temperatuur en
druk van belang. Deze meting was mogelijk geworden vooral dankzij de aanzienlijk
verbeterde methoden van zuivering van de vloeistof, waardoor voorkomen wordt
dat het exces-electron in een al te korte tijd gevangen wordt door een verontreiniging.
Uit de eerste meetresultaten bleek dat het gedrag van cxces-electronen in methaan
in enkele opzichten qualitatief hetzelfde is als in argon. Om deze reden zijn tevens
enkele metingen van de driftsnelheid uitgevoerd in argon en in mengsels van
methaan en argon.

In hoofdstuk 2 wordt een korte beschrijving gegeven van de in de literatuur
beschreven methoden om de driftsnelheid te meten. De driftsnelheid van exces-
electronen, die onder invloed van een aangelegd constant electrisch veld voortbewe-
gen, wordt gemeten. Ook enkele technieken waarmee cxces-electronen in de vloei-
stof kunnen worden gegenereerd worden kort besproken. Tot slot wordt het meet-
signaal, dat een maat is voor de driftsnelheid van de electronen, bediscussieerd.

In hoofdstuk 3 wordt een uitvoerige beschrijving van de meetopstelling
gegeven. De exces-electronen worden in de vloeistof gegenereerd met behulp van een
electronenkanon. Een fractie van de door dit kanon geproduceerde hoog-energetische
(40kV) electronen, dringt door een dun folie heen en penetreert en ioniseert de
vloeistof. Deze electronen komen binnen enkele micrometers tot rust. Het folie
wordt tevens gebruikt als een van de twee evenwijdige electrodcn. waartussen de
vloeistof zich bevindt, en die samen de condensator vormen waarin de driftsnelheid
van de exces-electronen gemeten wordt.

Het folie dat het preparaat eo het vacuum in hei electronenkanon scheidt is
het meest essentiële onderdeel van de mcetce) l-.ncr/ijds moet het folie dun zijn en
een groot oppervlak hebben teneinde voldoende elektronen door te laten. Anderzijds
moet het voldoende stevig zijn en een klein oppervlak hebben teneinde liet grote
drukverschil tussen de vloeistof in de cel en liet vacunnj in het kanon te kunnen
weerstaan zonder al te veel buigen. Hen compromis is gevonden door cen vacuüm-
dicht nikkelen folie (3 /jm) met tin te solderen op oen roestvrii stalen houder,
waarin door middel van vonkverspancn gaarjc-s van 0J \ 0.3 mm zijn aangebracht.

De meetcel is zodanig geconstrueerd dat de temperatuur en druk van de vloei-
stof onafhankelijk van elkaar kunnen worden gevarieerd. Hierdoor behoeven de
metingen in de vloeistoffase niet beperkt te blijven tol de coëxistentie kromme van
de vloeistof en kunnen de dichtheid- en de temperatuurafhankelijkheid van de
gemeten driftsnelheden afzonderlijk worden bepaald.
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De stroom in het externe meetcircuit, die een gevolg is van de beweging van de
exces-electronen onder invloed van het aangelegde veld, wordt geïntegreerd over de
tijd met behulp van een emittorvolger met een ingangsweerstand van 1 GS2. Uit
het geïntegreerde signaal wordt de looptijd van de exces-electronen bepaald. Het is
mogelijk om looptijden over een tijdsgebied gelegen tussen 50 ns en 100 JUS te meten.

Omdat de exces-electronen kunnen reageren met verontreinigingen, dient
bijzondere aandacht aan de zuiverheid van het preparaat besteed te worden. De
levensduur van de electronen wordt bepaald door de concentratie van electronen-
vangende verontreinigingen in het preparaat. Twee verschillende methoden zijn ge-
bruikt om het gas (methaan en argon) te zuiveren. De belangrijkste verontreiniging
blijkt zuurstof te zijn. Met beide zuiveringmethoden kan het gas continu gezuiverd
worden, waarbij het resterende zuurstofgehalte minder dan 1 ppm is.

Een kritische beschouwing van de gebruikte meet-methode wordt gegeven in
hoofdstuk 4, waarbij de invloed van alle niet-ideale randvoorwaarden op de meet-
resultaten wordt besproken.

De driftsnelheid van electronen in methaan is gemeten als functie van het
electrische veld bij temperaturen tussen 91K en 215K en drukken tot 65 x 10sPa.
Gevonden is dat de driftsnelheid rechtevenredig toeneemt met de waarde van het
electrische veld zolang dit kleiner is dan 10s V/m. In dit proefschrift is de beweeg-
lijkheid van exces-electronen gedefinieerd als het quotiënt van de driftsnelheid en
het electrische veld, vooropgesteld dat dit quotiënt onafhankelijk van het veld is.
Het bleek dat de beweeglijkheid van electronen in methaan en argon een kwalitatief
analoog gedrag vertoont, terwijl de veldafhankelijkheid van de driftsnelheid voor
hogere waarden van het electrische veld aanzienlijk verschilt. Deze waarnemingen
zijn de aanleiding geweest tot meting van de driftsnelheid van exces-electronen in
argon en in mengsels van methaan en argon als functie van de temperatuur, het
electrische veld en de samenstelling van het mengsel. De resultaten van de metingen
zijn beschreven in hoofdstuk 5.

In het laatste hoofdstuk worden de voor- en nadelen van de gebruikte meet-
opstelling besproken. Tevens worden enkele mogelijke verbeteringen en andere
toepassingen aangegeven. De resultaten van de metingen worden vergeleken met
resultaten gepubliceerd door andere auteurs. In enkele gevallen worden theoretische
suggesties, ter verklaring van de beweeglijkheid van de electronen, getoetst aan de
meetresultaten. Een geheel bevredigende verklaring voor de beweeglijkheid van
exces-electronen in methaan is nog niet gevonden. Een aanzet voor een mogelijke
verklaring, gebaseerd op de berekening van de effectieve massa van een electron in
een één-dimensionale periodieke Kronig-Penney potentiaal als functie van de
"dichtheid" van deze potentiaal, wordt gegeven in hoofdstuk 6.2 en Appendix B.
De toepasbaarheid van dit effectieve massa model voor de berekening van de be-
weeglijkheid van electronen in een vloeistof is nog een open vraag.
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