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SUMMARY,

When electrons drift and diffuse through a gas under the influence
of an electric. field, the energy received from the field by the electrons is
transferred to the gas through the elastic and inelastic collisions which occur.
The cross sections for these processes can be deduced from accurate values
of the electron drift velocity, W, and of the ratio of diffusion coefficient to
mobility, D/p .

In this thesis the experimental techniques necessary for accurate
measurement of W and D/u are described. These techniques have been
applied to hydrogen and deuterium at 293QK and 77°K to yield data for W and
D/p when 2 x 1020 <N =1x107"% vem?.

An important part of the investigation was the development of a
method for preparing pure para-hydrogen and the subsequent measurement of
W and D/u in this gas at 77°K. There have been no previous measurements
of electron transport coefficients in para-hydrogen. The differences in the
values of W and D/i in hydrogen and para-hydrogen clearly demonstrate the
influence of the difference in the statistical weights of the rotational levels
in the two gases.

The numerical techniques used to deduce the relevant cross sections
from the experimental data are described. When elastic and inelastic collisions
occur the electron energy distribution must be calculated from a numerical

- solution of the Boltzmann equation. Details are given of a solution of the
Boltzmann equation when collisions of the second kind between electrons and
excited gas molecules are neglected. The restrictions placed on the present
analysis by the neglect of collisions of the second kind are discussed.

In the inert gases at energies well below the first excitation thres-
hold it is possible to infer the momentum transfer cross section directly from
the experimental data. In such cases the derived cross sections are unique and

their accuracy depends ultimately only on the precision of the experiments.



In molecular gases at all energies there are difficulties in obtaining a unique
set of elastic and inelastic cross sections which are consistent with the
experimental data. Although it does not appear possible to infer the inelastic
cross sections directly from the values of W and D/, it is possible to
proceed in the forward direction by testing an assumed inelastic cross section
for consistency with the experimental data. The accuracy of the present
results allows such tests for consistency to be made free from any ambiguity
due to spread in the experimental data. - At the same time the use of para-
hydrogen, in which only one rotational level need be considered at 77°K,
provides an opportunity to deduce a unique cross section for rotational
excitation.

The theory of Gerjuoy and. Stein for rotational excitation of diatomic
homonuclear gases is widely accepted, particularly when the polarization
correction of Dalgarno and Moffett is taken into account.  The analysis pre-

- sented in chapter 8 shows that this theory is not consistent with the experimental
data, although the inclusion of the polarization correction does lead to-better
agreement between the calculated and experimental values of W and D/u. The
cross sections for vibrational excitation deduced in an earlier analysis by
Engelhardt and Phelps are found to be consistent with the present experimental
data. The momentum transfer cross section found from the present analysis

is the same for all three gases but differs appreciably from that deduced by
Engelhardt and Phelps.

- Suggestions are made for future analyses to determine more
realistic rotational excitation cross sections. The particular importance of
the para-hydrogen data in determining a unique cross section for this process
is discussed.

In Part B of the thesis a description is given of the extension of
the Townsend-Huxley lateral diffusion method of measuring D/u to electljon
energies where ionization and the emission of secondary electrons must be
taken into account. Results in hydrogen at 293°K for 10 = E/p <100V cm—1

-1
torr ~ are given and compared with the results of other workers. For gold



electrodes in hydrogen the results show that most of the secondary electrons

are produced by the impact of photons on the cathode.
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PART A,

CHAPTER 1.

INTRODUCTION

Cross sections for the elastic and inelastic collisions between
electrons and gas molecules can be determined in a number of ways. The exten-
sion of these data to energies less than 1 eV is of particular importance since
many interesting processes such as the excitation of rotational levels in molecular
gases occur in this energy range.

Measurements of cross sections at energies above 1 or 2 eV have
been made since the 1920's and 1930's when beam techniqﬁes for studying collisions
between particles of closely controlled energy were introduced (e.g. Ramsauer and
Kollath, 1932, Tate amd Smith, 1932). . EXperimental difficulties have so far pre-
vented these techniques being extended to energies below 0.3 eV (Bandel and
Golden, 1965).

' - The alternative techniques which are also useful at much lower
energies have an even longer history, dating back to the pioneering experiments of
Townsend at the beginning of the century‘.‘ . The class of experiments introduced by
Townsend are known as swarm experiments since the quantities measured are the
average properties of a swarm of p_articles. Until recently, data from this type
of expériment were subject to considerable experimental error and could be
interpreted only in terms of various mean quantities. - Advances in both experi-
mental techniques and in the analysis of the data have improved swarm techniques
to the point where the accuracy of the derived cross sectionsis often higher than
that obtainable in beam experiments. - With:the use of improved techniques and a
better understanding of the factors limiting the accuracy of experiments of this
kind, experimental data with an error of less than 1% can be obtained (Crompton
and Jory, 1962, Lowke, 1963, Crompton and Elford, 1963). At the same time,
modern high speed computers have enabled these data to be used in conjunction
with more rigorous formulae to give the true energy dependence of the cross

sections,



2.

In very recent times swarm data have been the subject of complex
mathematical analysis, as for example in the papers of Phelps and his colleagues
at the Westinghouse laboratories (Frost and Phelps, 1962, Engelhardt and Phelps,
1963) and of Crompton and Jory (1965). These papers show that swarm techniques
are capable of yielding results of reasonable energy resolution and therefore, in
certain circumstances, allow a direct comparison of the results of swarm and
beam experiments. - Unfortunately the data on which some of these analyses have
been based have not warranted the complex mathematical treatment to which they
have been subjected and many of the cross sections must be re-determined from
accurate swarm data.

- In the inert gases at energies well below the first excitation thres-
hold it is possible to infer the momentum transfer cross section directly from
the experimental data. In such cases the derived cross.sections are unique and
their accuracy depends ultimately only on the precision of the experiments. The
validity of the results can be checked when data from several types of swarm
experiments are available, Crompton and Jory (1965) have achieved considerable
success by applying this technique to their own experimental results for helium,
but no data of sufficient accuracy are available in the other inert gases.

- In the molecular gases, where elastic and inelastic collisions
occur at all energies, the results obtained have been less satisfactory, due largely
to the inadequacy of the available ekperimental data but due also to the difficulties
in obtaining a unique set of elastic and inelastic cross sections which are consis-
tent with the data. It does not appear possible to infer the inelastic cross sections
directly from the experimental results and it is simpler to proceed in the forward
direction by testing an assumed form of the inelastic cross section for consistency
with the experimental data. However the primary difficulty with previous analyses
has been the insufficient accuracy of the experimental data. - For example,
Engelhardt and Phelps have analysed swarm data in hydrogen and deuterium
over a wide range of energies but were unable to find a single foi'm of the rotational
cross section which was consistent with the available data in both gases. Moreover,

the very large scatter in the experimental data meant that in either gas they were



unable to distinguish between several tridl forms of the cross-section.

The present work aims at overcoming some of these difficulties by
using experimental techniques of proven accuracy to obtain data in hydrogen, para-
hydrogen and deuterium with an accuracy of ' 2% or better. - These data are then
used to test a particular theoretical form of the rotational excitation cross section; |
the results of this test are free from any ambiguity due to spread in the experi-
mental data. Cross sections for momentum transfer and vibrational excitation
are obtained from the same analysis.

Hydrogen is the best of the homonuclear diatomic gases to study
for at least three reasons. Firstly, the hydrogen molecule is the simplest
diatomic molecule and has been the subject of the greatest number of theoretical
investigations. Secondly, because of its small mass its rotational cross sections
are both small in number and widely spaeed in threshold; this makes the inter-
pretation of the experimental data considerably easier. Thirdly, the use of
para-hydrogen, which differs from normal hydrogen only in the statistical
weights of the rotational levels (see Appendix I), provides a unique opportunity
for a stringent test of any theoretical rotational cross sections.

Finally, the experimental techniques for handling deuterium gas
are identical to those for hydrogen and it is therefore a simple matter to include
it in the experimental program. . Since the momentum transfer cross section in
deuterium is expected to be very similar to.that in hydrogen and since the
rotational cross sections in the two gases should have the same form, a further
opportunity to test the consistency of any theoretical treatment appropriate to
hydrogen is présented.

' Before proceeding to discuss the present investigation: it is.im-
portant to understand the complementary nature of the two experimental techniques
(i. e. beam and swarm experiments) and the limitations of each. Furthermore,
it is essential that what is meant by the various terms used in the discussion be
made as precise as possible, and for this reason the following section is devoted

to the introduction and definition of the fundamental concepts and quantities.



1.1 Basic Concepts

1.1.1 Types of Collisions.

- When two particles, such as an electron and a gas molecule, collide,
their total energy can be redistributed in a number of ways, each being typical of
a particular type of collision. In an elastic collision.there are no internal changes
of energy of the colliding particles. - When internal changes of energy occur at
the expense of the total kinetic energy of the collision partners, the collision is
said to be inelastic; the collision may result in an electron.of the molecule being
excited to a higher energy state or, if the energy exchange is large enough, to its
complete separation from the atomic structure i. e. ionization. A collision of
the second kind is one in which some of the internal energy of one of the particles

is converted to kinetic energy shared by both the collision partners.

1.1.2 Collision Cross Sections.

The cross section is basically a-measure of the probability that a
given: reaction will occur under given conditions. - Its value depends on a number
of factors for each particular collision considered; these include the nature of
the particles, the mutual velocity of approach and the distance of closest approach
during the encounter.

Consider a parallel beam of mono-energetic projectiles, the flux
being Np proj ectiles per cm2 per second. - The beam is directed along the z-axis
towards the origin of the co-ordinate system where there are clustered N t
target particles. - A finite size is ascribed to the target particles, but the pro-
jectiles are considered to be point particles, - It is assumed that only elastic
scattering occurs and that the number of target particles is small enough for no
particle to be shielded by another and for no projectile to‘be‘!scattered more than
once,

Let dQ be the element of solid angle whose‘posifion'is specified
by the spherical polar co-ordinates 6 and ¢. - Let Ns..(e, ¢) d? be the number -of
projectiles scattered into dQ per second.

Then Ns (©, ¢) dQ is proportional to prNt dQ and, inserting

IS (9, ) as the constant of proportionality,



N_(0,¢)de I, (e, ¢) N N, de

(1.1)

0,
dI (6, & N N,

The quantity d IS-_(G , 9) = IS (6, ¢ ) dQ is defined as the differential micro-

scopic elastic scattering cross section.

‘Since

N_(0, ¢) de

d1_ (e, ¢) .2)

Np Nt

the cross section has units of cm2 per target particle and is often regarded as
the area presented by each particle for scattering of the projectiles into the

element of solid angle dQ .

Intergrating over all differential microscopic cross sections we

obtain
=SS‘ Is (0, ¢) dQ
and therefore,
2r 27
q :S; gl»(e, ¢) sin® d 6 d¢ (1.3)
S [o) 8 !

qs'is defined as the total microscopic elastic scattering cross section. It

represents the area presented by each of the target particles for scattering into

the solid angle 47 steradians.

Microscopic cross sections are usually expressed in units of cm2
or of T ai = 0.88 x 1016 cm? where a = 0.53x 108 cm is the radius of
the first Bohr orbit of the hydrogen atom.,

A macroscopic cross section may be found if the target particles
are now considered to be distributed throughout a volume with a density of N
target particles per cm3. ‘It is still assumed that any elastic collision removes

a projectile from the beam. IfI, the intensity of the projectile beam at the

/



point x, is reduced by d1 in traversing the distance dx, then
dI= -INq;sdx 1.4)
If1I-= I0 atx=0
I = Io’exp(—Nqsdx) (1.5)

QS =N qs. is called the macroscopic cross section for elastic scattering.

It is clear that although the above definitions are for elastic
scattering, the collision cross section concept can be applied to other types of
collision., The term q denotes the cross section for scattering of the i th
type.

In the experiments to be described later in this thesis, the cross
section of importance in elastic scattering is not-gs as defined above, but 9
the diffusion or momentum transfer cross section. Before proceeding to
establish the relationship between these two it should be pointed out that in any
collision the positions and velocities of the particles must be expressed in a
particular frame of reference. It is obviously more convenient to make measure-
ments in the laboratory frame of reference i. e. the frame of reference of a
laboratory observer. However in the analysis of collisions it is often convenient
to specify the position of the particles with reference to the Centre of Mass
system which is one which moves with respect to the laboratory system in such
a way that its origin is always coincident with the centre of mass of the colliding
particles. General relations between the two systems can be derived (McDaniel,
1964, chapter 1) so that the necessary transformations can be made.

Consider, in the Centre of Mass system of co-ordinates, a
collision between an electron of massm and a gas molecule of mass M. The
eleétron has linear momentum equal to Mrvo before the collision, where Mr is
the reduced mass of m .and M (=m M/ (m + M)) and Vo is the relative velocity .
of approach. If the electron is scattered through an angle 6 in the Centre of Mass
system, then it suffers a change in its forward momentum of Mrv0 (1 - cos 9).

The diffusion cross section is defined by the equation



7.

D S(1~cos9)ls(e)d Uc ot M
™

21r‘g‘ls(e)(1-cos.6)sin9d9 (1.6)
)

K]
1

where Is (6)d @ is the differential scattering cross section in the Centre

Cof M
of Mass system.
Since a5 is a measure of the average forward momentum lost by

the electron in collisions with the molecules, it is.often called the momentum

transfer cross section and denoted by qm ; this is the practice followed in the
remainder of this work.

The momentum transfer cross section differs appreciably from
the total elastic scattering cross section only when the scattering is distinctly
anisotropic. If the differential elastic scattering cross section qs ‘is independent
of 6 , i.e. the scattering is isotropic, then qm = qS . If backward scattering
predominates then qm > q’s , whereas the reverse is true if most of the scatter-

ing is concentrated in the forward direction.

1,1,3 Transport Coefficients

- The collision cross sections described above are for mono-
energetic particles. In the swarm experiments of the present investigation the
swarm contains electrons with a ra,ngé of energies, the distribution of these
energies depending on the nature of the gas, its temperature and the ratio of
electric field to gas pressure. |

If a large number of gas molecules is allowed to interact with

each other in a confined space without being subject to external forces, the

molecules will come to thermal equilibrium and an equilibrium distribution of
velocities is established. This distribution is the Maxwell-Boltzmann distri-
bution in which the number of molecules dN with speeds between C and C +-dC
is

/2

dN = (4 N, /w%,) (M/2kT)3 exp ( - Mcz/sz) 02 dcC 1.7

N0 being the total number of molecules, T the gas temperature and k Boltzmann's

constant.



Considering each velocity C as made up of three mutually perpen-
dicular components Cx , Cy and CZ , the distribution function f(C)is defined such
that, of the total number N0 of molecules, the number dN whose components of

velocity lie between C andC_ +dC_, C_andC +dC., C andC_ +dC is
X X X'y Uy y' Tz z z
N f(g)dCc_dcC_dcC; .
0 X |y 'z

That is, the product No f (C ) is the density of representative points in velocity

space. Since there are no preferred directions of velocity
dN = No 1(€) 4‘7rc~..2 dc.

If a cloud of free electrons is _Eeleased into this gas an equilibrium
is once more established with m-c-E = %_MC2 , where m and c refer to .the
electrons and the bar means.that the quantities ax;e averaged over all velocities.

- The velocities are still distributed according to:Maxwell's law and since the
distribution is symmetrical, the mean velocity © (or C) is zero.
- When an electric field is applied the electrons are acted upon by -
a force and therefore receive power directly from the field. The molecules
remain unaffected by the field and a new equilibrium is established in which
3 me® > 1 M€2 , the speeds ¢ are no longer distributed according to' Maxwell's
law and the mean velocity E is no longer zero. Thus, in addition to.the process
of diffusion which takes place with or without the field (but is modified by it),

a new phenomenon, that of drift, is introduced. The electron cloud moves as

a whole so that its centroid moves with a drift velocity W parallel to the electric
field, |

Diffusion of the particles arises from their random motion and
causes a change in any non-uniform distribution of number density. - The

diffusion coefficient D is defined such that, if n is the concentration of particles

per unit volume, the net transport of particles across a surface of area d 8 is
. -"D grad n‘.ﬁ' g__s_o

If the gas is one in which no electrons attach to gas molecules,
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and if the energy of the electrons is not high enough to cause ionization, then the
two quantities W and D are sufficient to describe the behaviour of the electron
cloud. The drift velocity and the diffusion coefficient are known as transport
coefficients.

Additional transport coefficients are needed to describe the
behaviour of the electron swarm in the presence of a magnetic field and when
ionization and attachment occur; these coefficients will be introduced as needed

later in this thesis.

1.2 Methods of Studying Electron-Molecule Collisions.
1.2,1 Beam Experiments,

The most direct way to investigate electron-molecule collisions
is to allow a beam of mono-energetic electrons to gollide with the target gas
molecules. The electrons are made mono-energetic by some type of energy
filter or analyser and the target gas pressure is sufficiently low that only single
collisions are possible in the reaction chamber, i.e. once an electron undergoes
a collision it is scattered out of the beam and there is no possibility of é further
collision directing it back into the collecting device.

The electron beam enters the chamber with a known intensity
and emerges with its intensity reduced by the loss of electrons which have made
collisions and whose momentum has therefore been changed. The number of
electrons lost by scattering allows a direct measurement of the total scattering
cross section for electrons of a given energy and the interpretation of the results
is therefore relatively easy. Beams with energy spreads of as little as 10 mV
can be obtained and, since this means that electrons have virtually discrete
energies, it is possible to examine phenomena for fine structure e. g.. resonances
-in the elastic scattering cross-section.

Several modifications to this technique are used to determine
inelastic cross sections. For instance, a homogeneous beam of electrons of
known and variable energy is passed through the gas , causing atoms or molecules

to be raised to higher energy states. Measurements of the radiation resulting
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from de-excitation of these atoms and molecules allow the determination of the
excitation cross sections as a function of the electron energy.  Another method,
applicable to metastable as well as ordinary excited states, is to pass the beam
of electrons through the gas and to collect the inelastically scattered electrons.
The energy losses are characteristic of the excitation processes, and measurement
of the energy spectrum of the scattered electrons provides information on these
processes. The technique of '""crossed beams" of target molecules and projectiles
is useful for examining collisions with unstable atoms or molecules, e.g. for
examining electron-atomic hydrogen collisions. A survey of recent experiments
using all these techniques is given in chapter 5 of ""Collision Phenomena in
Ionized Gases" (McDaniel, 1964).

1.2.2 Limitations of Beam Techniques.

There are many difficulties in the application.of beam techniques

to low energies due to.the problems of obtaining adequate beam current and to the
presence of stray fields due, for example, to unknown contact potential differences
within the chamber. At very low energies contact potential differences may be
comparable with the applied voltages and a calibration of the energy scale becomes
necessary. The appearance potentials. for the pos‘itive ions of one of the rare
gases which are accurately known are frequently used for this purpose. - At
lower energies ( < 2 eV) there are no processes which can be used to calibrate
the energy scale laccurately, although there have been some attempts to use the
resonance capture cross-section of sulphur hexafluoride (see, for example,
Compton et al., 1966. These:authors finally used a swarm experiment to calibrate
both their energy and their cross section scales --see 1.2.4). These limitations
restrict beam measurements in general to a little less than 1 eV, although
reasonably reliable data have-been‘ obtained for electron energies as low as 0.3 eV,

- As well as the difficulties in the calibration of the energy scale,
there can be quite large (and, until recently, largely unsuspected) errors in the
actual magnitudes of the cross sections measured. These errors, which can

-easily amount to 10 or 20%, are due to the difficulties of absolute pressure
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measurement at the very low pressures which must be used to meet the "thin
target" conditions described in 1.1, 2. The pressures used are usually of the
order of 10-3 to 10-4 torr and are measured with a trapped McLeod gauge. In

this pressure range a trapped McLeod gauge can give errors of tens of percent
because of the Gaede pumping effect (see, for example, Ishii and Nakayama, 1961);
smaller errors can also be caused by the thermal transpiration effect. - A useful
summary of these errors is given in Keller, Martin and McDaniel (1965).

- Thus it can be seen that although beam experiments appear to offer
the most straightforward means of measuring cross sections they are subject to
experimental difficulties at all energies and. ha\}e a lower energy limit which is
at present about 0.3 eV. . However many interesting phenomena occur at energies
as low as 0.010 eV and since these energies are inaccessible to beam experiments,

an alternative technique must be used.

1.2.3 Swarm Experiments..

The quantities measured in swarm experiments are the transport
coefficients for the motion of an assembly of electrons through a high pressure
gas under the influence of an-electric: field. - It will be shown later that it is
possible to derive expressions for the transport coefficients in terms of the micro-
scopic collision cross sections and it is therefore possible to determine, even
though indirectly, these cross sections from the experimental data.

- Detailed descriptions of swarm experiments will be given in
chapters 2, 3 and 5 but for the purposes of the present comparison it is sufficient
to point out that th'ey are carried out at high pressures (2 to 500 torr) in static
systems and that the electric field strengths used are high enough to overcome the
difficulties inherent in beam experiments. - The distribution of the electron energies,
as well as the mean energy, is controlled by the electric field strength and the
nature, pressure and temperature of the gas. The magnitude of the field deter-
mines how much energy the electrons gain between collisions, the nature of the
gas determines how much energy they lose in each collision, and, for a given gas,

‘the pressure determines the frequency of the collisions. If the ratio of electric

field to gas pressure is high, then the mean electron energy is well above the
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mean energy of the gas molecules.  On the other hand, if the field is weak and
the gas pressure high, the energy gained between collisions will be small and the
collisions in which this energy is transferred to the gas will be very frequent.

In this case the mean electron energy may exceed the mean energy of the gas
molecules by only a few percent and the electron energy can be -controlled by
varying the gas temperature. Since the mean energies corresponding to 203°K
and_77°K (the gas temperatures used in the present experiments) are 0.04 eV
and 0.01 eV respectively, the lower energy limits of swarm experiments are

much lower than those obtainable in beam experiments.

1.2.4 Limitations of Swarm Experiments.

The distributed range of electron energies which is an inherent
property of swarm experiments is primarily responsible for the limitations of
these techniques. - The interpretation of the experimental data is not straight-
forward because the transport properties. of the electron: swarm are in general
controlled by a number of collision processes each with an energy dependent
cross section. Thus, for a given set of éxperimental conditions, the quantities
measured experimentally are determined.by the cross sections over a limited
range of energies rather than by the cross sections at a discrete energy as in a
beam experiment. The process of unfolding the energy dependence of the cross
sections from a set of data obtained by varying the mean electron energy is
therefore complex. Nevertheless, these difficulties have been largely overcome
by the application of high speed computing techniques to more rigorous analyses
of the dependence of the transport coefficients on the collision cross sections.

The low resolution of swarm techniques is a more fundamental
limitation. By comparison with an electron beam of reasonably high resolution
which is to be found in most beam expeﬁments, the electron swarm is a relative-
ly blunt probe unsuitable for examining fine scale structure in the cross sections.
In general, swarm experiments are therefore unable to detect narrow resonances
but it is possible in some instances to determine whether such phenomena are

present. For instance, Crompton, Elford and Jory (1966) have used highly



13.

accurate drift velocity data in helium at 293°K to place an upper limit on any
resonances in the qm - € curve between 0.1 and 5 eV,

It is important to realize that swarm and beam techniques are
complementary. Where the cross sections do not exhibit pronounced structure
swarm techniques can lead to the most accurate results at all energies less than
3 - 4 eV and are the only techniques available below about 0.5 eV, Beam experi-
ments, on the other hand, have excellent energy resolution but relatively poor
absolute accuracy. They are generally useful only for energies greater than
1 eV. In recent years some attempts to correlate the two sets of data have been
made and for this reason the extension of swarm techniques to higher energies, as

in Part B of this thesis, can be of considerable value.
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CHAPTER 2.

SWARM TECHNIQUES

There have been many advances in swarm techniques since the
early experiments of Townsend in 1899. - Among the most significant advances
were the develapment by Huxley of the improved method of medasuring the ratio
of drift velocity to diffusion coefficient, the development by Tyndall and by
Bradbury and Nielsen of time-of-flight techniques for measuring the drift
velocity and the derivation by Huxley and others of more rigorous:formulae des-
cribing the electronic motion and relating the transport coefficients to the collision
cross sections.

The Townsend-Huxley lateral diffusion method of measuring the
ratio of drift speed to diffusion coefficient and the Bradbury-Nielsen shutter method
of measuring the drift speed are used in the present investigation. The accuracy
and reliability of these techniques have been improved in recent years by careful
experimentation and critical analyses.

Until the advent of electronic computers, swarm data could only
be analysed by assuming a particular form of the distribution function to calculate
mean microscopic quantities such as the mean free path between collisions. These
quantities are still useful for rapid reduction of the experimental data. - However,
it is now possible to use computing techniques in conjunction with rigorous formulae
describing the electronic motion to calculate the true distribution function and to
deduce the variation with energy of the elastic and inelastic cross sections.

In this chapter the principles of both the experimental techniques
and of the analysis of the data are discussed. The details of the present investi-

gation are given in chapters'3, 5 and 7.

2.1 Measurement of W/D by the Townsend-Huxley Lateral Diffusion Method.
2.1.1 Townsend's Original Method. -

In a series of experiments starting in 1899, Townsend established
swarm techniques for the measurement of the ratio of drift velocity to diffusion

coefficient and of the magnetic drift velocity. - Some of the results of his experi-
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ments can be found in Townsend, 1899, Townsend, 1908, Townsend and Tizard,
1913, and Townsend and Bailey, 1921, Summaries of the early results are given
in "Motions of Electrons in Gases', Townsend, 1925, :;'The Motion of Slow Electrons
in Gases'", Healey and Reed, 1941 and "Electrons in Gases'", Townsend, 1948.

- Townsend's first direct measurement of W/D 'in‘a single apparatus
was made in 1908, - A schematic diagram of this apparatus is shown in Figure 2.1,

- Secondary X-rays from the brass surface S generated electrons
or ions in the region above the grid G. The ions were drawn by an electric field
to the plate A. Some of them passed through the 1 cm aperture in this plate and
travelled through the region of uniform electric field to.the collecting electrode
C which consisted of an insulated central disc and a surrounding annulus. Townsend
was able to relate W/D to the ratio

i

1
R =

i1 +~i2

where i1 and i2 are the currents received by the >disc and annulus respectively,
and thus by measuring this ratio he was able to find W/D from a single experiment.

In his later experiments the entrance aperture was a slit 2. mm
wide and 15 mm long and the collecting electrode consisted of a central strip and
two outer segments. - Once again W/D could be related to.the ratio of the currents
received by the various segments. - When values of W/D smaller than those pre-
dicted were found (Townsend and Tizard, 1913) Townsend attributed this to the
breakdown of the theory of equipartition, a possibility which exists when a
stream of light charged particles drifts through a gas of ;:nuch heavier particles

under the influence of an electric field. He wrote
2 Y
1 me” = kT iMC
thus introducing the energy factor kT which will be discussed later.
These two methods. of Townsend suffered from several disadvant-
ages, The derivation of the expression relating W/D to the current ratio required

the postulation of constant electron density over the source aperture. - Since the
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- entrance slits were so large this would have been difficult to realize and undoubt-
edly led to inaccuracies in results.  In addition, the formula derived by Townsend
for this type of geometry was a series solution and therefore involved a large
amount of preliminary calculation to obtair;rthe desired accuracy. - Since these
calculations had to be repeated for each apparatus of different dimensions there
was little tendency to check the results over a wide range of the experimental

parameters.

2.1.2 Huxley's Modification of Townsend's Method.

- In 1940 Huxley solved the differential equation appropriate to the
case of electrons entering the chamber through a small circular hole and travell-
ing to a collecting electrode consisting of an insulated central disc and surrounding
annulus. This solution was first applied by Huxley and Zazou in 1949,

- The modification allowed a-maj'or improvement in ‘the flexibility
and the accuracy of the method. - It was largely free from both the objections
raised to Townsend's method. - Firstly, the small circular hole was effectively
a point source of electrons and.therefore the error incurred by postulating
uniform electron density over the source was greatly reduced. - Secondly, the
expression relating W/D to the current ratio was much simpler and capable of
exact determination.  As a result, the task of calculating. tables qf values of the
ratio of currents and the corresponding values. of W/D for apparatuses of
different dimensions was no longer arduous and it was possible to test the method
over a wide range of the experimental parameters. |

- A schematic diagram of the apparatus suggested by Huxley (and
used in the present investigation) is shown in Figure 2. 2. Electronsi generated
at F enter the diffusion chamber through the small hole S in the cathode, and
from there drift and diffuse to the anode under the influence of a uniform electric
field of strength-E. The electric field and gas pressures are the same between
F and the cathode as they are in the diffusion chamber. - This ensures that the
electrons have reached a steady state energy distribution before they enter the

main section of the apparatus. The anode, or collecting electrode, is at a
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distance h from the cathode and consists, of a central disc of radius b and an
insulated outer annulus. The ratio of the current received by the central disc to
that received by the whole electrode is measured and this, through the formula
given below, allows the calculation of the value of W/D appropriate to the experi-
mental conditions.

The experiments are designed to ensure that the electron concen-
tration at the outer edge of the diffusion chamber is negligible and that a negligible
fraction of the tfotal current falls outside the annulus of the collecting electrode,

i. e, the annulus is effectively of infinite radius. - In this way the concentration

of electrons at the ""walls" of the chamber is zero and no modification of the
theory need be made to include the effects of the containing walls of the electrode
system, as was suggested by Warren and Parker (1962).

- As mentioned above, this ‘iodification of Townsend's original:méthod
was first used by Huxley and Zazou in 1949, - In their apparatus the chamber
length was 1 cm and electrons entered through a 1 mm hole in the cathode. More
accurate measurements were made later by Crompton and Sutton (1952) who used
a similar apparatus. ;

- The method forms the basis of most of the more recent studies in
this field including those of Cochran and Forrester (1962), Crompton and Jory
(1962), Warren and ‘Parker (1962), and Crompton and. Elford (1963). Reference to
these papers will be made in later chapters. The only recent diffusion measure-
ments known to the author which have not used this niethod‘are those of Hurst
and his colleagues, and those of Skullerud (1966).

-2.1,3 'Derivation of the Differential Equation Describing the Electron
Concentration.

- From the definitions of drift velocity and diffusion coefficient
given in 1. 1.3 the net transport of electrons across a surface of area dS in the
diffusion chamber is nW ., dS due to drift and - D grad n. dS due to diffusion
(n is the electron number density). - The total transfer across dS due to drift and

diffusion is then

(nW - Dgrad n) . dS



18,

-In an arbitrary volume element d T which contains N1 electrons but no-sources or
sinks of electrons, the rate of change of N1 must equal the net flow of electrons
across the surface area of the element.

Thus,

_dﬂl_ _d_(fffndV)

dt dt

- /[ @W-Dgradn') ., dS.

Transforming the right hand side by using Gauss' theorem we have:

dn
I = -JJ[div@aW-Dgradn)d
dt
and hence
dn
= =V.(nW-Dgradn)
dt

= DV’n -V.@W)

For steady state conditions the concentration of electrons at any point is constant,
i.e. dn/dt =0.
Therefore

DVin-v .m@wW) = 0

or DV2 n-w.Vn

]
o

(2.1)

For a uniform electric field parallel to the z-axis, W is constant and W = Wz’=W.

In this case equation (2. 1) becomes

v?n = w/mp) 2"
-9z

v o= 2220 | 2.2)
0z '

where 2A = W/D.
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The assumption that W is constant and equal to Wz will be used throughout.
Equation (2.2) shows that the concentration of electrons in steady state motion
under the influence of an electric field is governed by the ratio of their drift

velocity to diffusion coefficient.

2.1.4 Solution of the Differential Equation.

The differential equation (2. 2) was solved by Huxley (1940) for the
apparatus geometry of Figure 2, 2.

He found that
e?\z
n = - sEO A’S Ks+%"( AT) PS (cos 9) (2.3)
(A1)

where Ks+1 (A 1) is the modified Bessel function of half integral order,
2
Ps (cos ) is the associated Legendre function,
: AS is a constant

and r is the radial distance from the origin.
-An isolated pole source of electrons at the origin corresponds: to
the case s = 0.in equation (2.3). The electron concentration is then given by

o A (r-z)

n = A — (2.4)
r

. When the boundary condition n =0 at z = h is used in conjunction with the solution
given by equation (2.4) it has been shown (e. g. Huxley and Crompton, 1955) that

the expression for the current ratio R is

R=1-(/d) exp (-A (d-h)) (2.5)
where
d2 = h2 +bz
Other solutions have been investigated. - For examplé, s = 1 in equation (2. 3),
corresponding to a dipole source of electrons at the origin (that is, n =0 at z:= -0

except at the origin) with the boundary condition n =-0 at z = h, leads to (Huxley
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and Crompton, 1955):
R=1-[h/d-1/2h( -(h/d)z) ] h/d exp (-A (d-h)) (2.6)

It was originally thought that equation (2. 6) should have been the
correct solution since the boundary conditions in this case appeared more realistic
than those applied to give equation (2.5). An extensive experimental investigation
by Crompton and Jory (1962), soma details of which are given below, showed
conclusively that equation (2. 5) is the solution which is consistent with the experi-
mental results over a wide range of the experimental parameters. It should be
pointed out that under most experimental conditions, and certainly those to be
described in the first half of this thesis, the difference between equations (2. 5)
and (2. 6) is entirely negligible,

A more recent theoretical investigation of the Townsend-Huxley
swarm technique by Hurst and Liley (1965) showed that it is impossible to impose
a set of physically realistic boundary conditions on equation (2.3). They applied
very general boundary conditions to their solution (basically the same as equation
2. 5) and found that values of their "reflection coefficients'" consistent with
equation (2. 5) or (2.6) did not correspond to any physically realizable situation.
The values of the "reflection coefficients'" were therefore found by recourse to
experimental results and this meant that the solution consistent with all the
experimental results, i.e. equation (2. 5), was the one they chose.

- The situation is, therefo‘ré, that although equation (2.5) is a semi-
empirical result, it is known to be complétely consistent with observation. This
is the solution used throughout ;chis work.

Although measurement of the ratio R leads directly to the value
of A and hence W/D, it is usual to:express the results in terms of either k1 ,
which is closely related to the Townsend energy factor, or in terms of B/p
where p (= W/E) is the electron mobility. The results are expressed this way
because W/D is a pressure dependent quantity, and because, as will be shown
below, both kl and’' D/u are closely related to the physicél properties of the

swarm.
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2.1.5 Analysis of Possible Errors. Experimental Tests.

Crompton and Jory (1962) made an extensive systematic study of
the Townsend-Huxley lateral diffusion technique. - Using an: apparatus of variable
geometry they measured W/D in hydrogen over a wide range of the experimental
parameters. They also examined a number of possible sources of error. Their
‘results may be summarised as follows:

(a) Over the entire ranges of hand b, h=-2, 5 and 10 cm, b/h =0. 05,
0.10, 0.15, 0,2, and 0. 25, they analysed the measured current
ratios with both equation (2. 5) and equation (2.6). For a given value
of E/p (where E is the electric field strength and p.the gas pressure)
the values of l«:_1 found uéing equation (2. 5) were always in agreement
with one another to within 1%. . Poor self consistency was observed
when the current fatios were analysed with equation (2. 6).

For long chamber lengths, which must be used for maximum

acdurac_y, the differences between the two solutions is less than

0. 25% and it is unimportant which is used. However, since equation
(2. 5) always- led to consistent data, Crompton and Jory concluded that
this is the solution which should be used to analyse-all the results.

- (b) They calculated the effect on R of the source hole being off the central
axis of the apparatus and the effect of the finite size of the source hole.
For axial alignment of the source hole being 0,020 cm in error, the
error produced in k1 was found to rise with R and to be less than
0.5% everywhere for h =10.cm and b'=-0.5 cm. The finite size of
the source hole produéed a larger error which also increased with R,
and which was approximately 1% for R = 0. 9 using the: same chamber
geometry as in the previous example. Crompton and Jory stated that
these calculations would probably overestimate the size of these
-effects and produced experimental results justifying this statement.
(This may have been fortuitous - éee chapter 4).

(c) They obtained values of k. in hydrogen for 0,10 <E/p =5.0 (Ein V cm"1

1

and p in torr) which were accurate to within 1% thus firmly establishing
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that the Townsend-Huxley technique could be used to produce accurate
and reliable data.

Crompton and Elford (1963) reported an extension of these
experiments to lower values of E/p in hydrogen and nitrogen. The effect of
contact potential differences within the apparatus and the effects of field non-
uniformity from other sources were investigated by these authors and by
Crompton, Elford and Gascoigne (1965); . further discussion of these points will be
given in chapter 3.

Parker (1963) has calculated the effect on a lateral diffusion experi-
ment of the spatial distribution of the electron energy. He did this by including
in the appropriate form of the Boltzmann transport equation terms involving spatial
derivatives of the distribution; such terms are usually assumed small in compari-
-son to-the field and collisionterms. He found that the values of D/u should be
spatially dependent, particularly when the electron energy is very much greater
than the thermal energy of the gas molecules. The approximate error in D/u

expected from Parker's theory is

5 (D/p ) D .
— = —— - oM
D/u 2p Eh

and can be as large as 20% for short chamber lengths and large diameter collecting
electrodes. There has heen no evidence of spatial dependence of D/p in any
lateral diffusion experiments, even when b and h have been varied over wide
limits.  Parker's theory deals only with elastic collisions between electrons and
gas molecules and takes no account of the boundary conditions imposed by the
surfaces of the apparatus. Until a more realistic theory is available it is doubt-

-ful whether any comparison with experiment could be considered significant.

2.1,6 Skullerud's Variation.

- Skullerud (1966) has described a modified apparatus resembling |
‘Townsend's 1913 apparatus rather more than it does Huxley's modification. In

Skullerud's apparatus the entrance aperture is a narrow slit (5 cm by 0.01 cm)
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and the collecting electrode is a centrally divided plane capable of being moved
both horizontally and vertically.

- The value of D/u is found by examining the ratio of currents
received by the two halves of the plane as the collecting electrode is moved
horizontally. The method has the advantage that it is virtually of infinitely
variable geometry (c.f. the ratio limitations on a disc apparatus of fixed b/h,
section 3. 1) and that, to a first order, it is indepenéevnt -of minor asymmetries in
the collecting electrode. To date the method has only been used for positive ions
at high E/p with an experimental accuracy of about: 5%. There is no reasoil why
the method should not be used for electrons as well as ions, or why later mechan-
ical improvements should not make the accuracy comparable with that attained

in the present experiments.

2.2 Measurement of W by the Bradbury-Nielsen Time-of-Flight Method.
2.2.1 Principle of the Method.

The essential features of the method are the same as those ﬁrstA
reported by Bradbury and Nielsen (1936) and Nielsen (1936). - A schematic
diagram of the type of apparatus developed by them is shown in Figure 2. 3.

Electrons generated at the filament F drift through the region of
uniform electric field AB to the collecting electrode at B. Two electrical shutters
S1 and. Sz" held at the appropriate d.¢. potentials and separated by the accurately
known distance h, are placed in the path of the electrons. Each shutter consists
of a plane grid of parallel wires .with alternate wires being connected to one
another, and the two halves so formed being insulated from each other.  An a. c.
signal of variable frequency but constant voltage is applied to the two halves of
each shutter; the voltages applied to each half are exactly: 180° out of phase and
the signals applied to both shutters are identical in phase and voltage. The
current received at B is recorded as the‘frequency of the é.. c. signal is varied.

A graph of current against frequency shows a series of maxima asillustrated in
Figure 2. 4.
The shutter S1 divides the électron stream into a series of pulses

since electrons are transmitted only when the a. c. signal applied to the wires
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approaches zero. If the frequency applied to the wires is f, then the shutters will

open with a frequency 2 f. The second shutter S_ has the same effect on the electron

2
current as Sl . - The first maximum in the current-frequency curve will correspond
to the frequency fo for which pulses of electrons produced by'S1 arrive at S2 -when

the shutters are about to open again; other maxima will occur at integral multiples

of fo . - The observed drift velocity is then given- by

‘W=2hf or W=2hf_/m @
o ~.1m

where fm is the frequency of the a.c.. signal corresponding to -the mth current

maximum,

2.2.2 Analysis of Possible Errors.  Experimental Tests.

Duncan- (1957) made a theoretical investigation of the electron
concentration in a drift velocity experiment. - Taking into account diffusion of
electrons within the pulse he showed that, if W' is the observed drift velocity,

then the true value: W is given by
W' = W[1+2/(hW/D)]

. This relation: was useful only when the correction was small, but did show that the
effects of diffusion could be reduced by using longer chamber lengths and. higher
gas pressures.

Qualitative agreement with these predictions was obtained by
Crompton, Hall and Macklin (1957) by measuring drift velocities in an apparatus
with shutter separations of 3, 6 and 10 cm.

A syétematic study of the errors inherent in this type of experiment
was made by Lowke (1962, 1963). - He investigated possible errors .{rom the follow-
ing bources:

- (a) The position of the maximum electron density in the pulse is altered
because, owing to back diffusion, some electrons from each pulse
will be absorbed by the first shutter after it has closed.

(b) Similarly, the pulse is disturbed by the absorption of electrons on the -

unopened second shutter.
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(c) Because of the diffusion current, the frequency corresponding to maximum
density is not equal to that corresponding to maximum electron current
at the second shutter.

(d) The number of electrons in each pulse varies as the;- frequency is varied.

(e) The peaks in the current frequency curves are not symmetrical because
there is a continuous decay of the maximum electron density in the
pulse as it passes through the second shutter.

(f) The shutters transmit electrons of high speed more readily than electrons
of low speed.

- Factors (c), (d) and (e) were included in Duncan's analysis. Lowke

was unable to find the effect of factor (f), but showed that the effect of the re-

-maining factors could be taken into account in the following expression relating

the observed drift velocity W' to the true drift velocity W :
W' = W[1+3/(hW/D)] (2. 8)

He was able to obtain quantitative agreement between experimental observations
and the predictions of equation (2. 8).

In his analysis Lowke included an expression for the resolving
power of the method. - The resolving power for a given current peak is defined
as the frequency corresponding to maximum current divided by the frequency
spread at half the maximum current. - Thus, if the resolving power is high, the
current peak is very sharp and the drift velocity can be determined with high

accuracy. Lowke found that the resolving power, RP, was given by
RP = 1 (hW/D loge 2) (2.9)

Lowke also experimentally investigated the effects of a large
number of other possible sources of error. These included the non-uniformity
of the applied d. c. field, phase errors and distortions in the a. c. voltages,
space charge repulsion and the effects of a broken lead to either a guard electrode
or a shutter,

Using the results of hi;s analysis to eliminate sources of error

and to take into account the effects of diffusion, Lowke obtained highly accurate
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values of electron drift velocities in nitrogen and hydrogen at 293°K and 77. 6°K.
Elford (1966) with an apparatus of improved design and with more accurate
pressure measurement has reported electron drift velocities in carbon dioxide

with a claimed error limit of 0. 5%.

2.3 The Analysis of Data.

Until the introduction of electronic computers, swarm data were
analysed by assuming a particular form of the distribution function to calculate
mean quantities, such as an effective mean free path or collision cross. section.
Crompton and Sutton (1952), for example, produced data of this type for hydrogen
and nitrogen. - Similarly, most of the swarm data in ""Basic Processes of Gaseous
Electronics" (Loeb, 1955) are average quantities deduced by assuming either a
Maxwell or Druyvesteyn distribution.

For a gas in which only elastic scattering occurs it has been found
possible to derive an integral expression for the distribution function which can
be computed for any given variation of the momentum transfer cross section. The
true variation with energy of this cross section can be deduced by calculating_thé
‘transport coefficients and comparing them with the experimentally measured
values.

When inelastic collisions occur the distribution function can be
calculated by a numerical solution of the Boltzmann transport equation., The
ded;‘fuction of the momentum transfer and the inelastic cross sections is once again
made by comparing the calculated and experimental values of the transport co-
‘efficients; |

The various formulae used in these calculations are given below.

2.3.1 The Distribution Function for Elastic , Non-isotropic Scattering.

Many derivations of the form of f(c) for the case of elastic, non-
isotropic scattering have been given, e.g. Chapman and Cowling (1939), Loeb
(1955), Huxley (1960). In all derivations it is found that
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f(c) = Bexp{ -3m‘81 ) } (2.10)
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where

= -3m§ > (2.11)

°M<_ _ 1 > +3 kT

m cqm

. To find the value of B use is made of the normalizing integral

00

§4nczf(c)dc = 1
o
from which
exp'U
fleo = 3
.2
47 ¢ expU.dec
o

Similarly the average of a typical function g(c¢) is given by

o0

g-(-c-) =,S‘4 T 02 g(c) f(c) d c
(e}
fepu. go). Pde
= ™ D)

joexp'U .c .de
Two special cases, corresponding to k1~ 1 (thermal equilibrium) and. k1 >>1,

may be distinguished .
(a) When k_ is>> 1, 1 mc2 is very much greater than MC2 and it is

possible to neglect the 3 kT term in the denominator of equation (2. 11)

3 z
c dc
(2.12)

M(E/N) (e/m)

i.e.

c
3m§
o
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To evaluate this further it is necessary to postulate some form of
variation of a4, with ¢. For generality we take qm = Arc "
Substituting this in (2.12) we have,

3 2r

$e (A') c
-3m .dec
(5: M(E/N) (e/m)

with o = M2 mm2 (e/m)? a2 (2.13)

3m
and n=4-2r,

The distribution function can now be written

exp(-cn-/an) de

f(c) = "
[ 4mc2 exp (-c" /oM de
o

00
Using the identity S exp(-y )y dy = Il[ m+ 1 ] , f(c) is given

n
by
n n
f(c) = nexp(-¢c /o ) @.14)
4T a3 T 3/n)
From this it can be seen that the average value of e.s is
s ] s+3 37 -1
e - o r[ ] (r[_]) 2. 15)
n n .
Two special cases of this are of particular interest:
(1) if qm°<. 1/c, thenr =1l andn = 2
2 2
fo = ®(-c /o) 2. 16)
3 _3/2
a T
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which is the Maxwell distribution.

(2) if qm is constant, thenr =0 andn =4

‘ 4 4
f(C) = exp("c /a)

(2.17)
T oS (3/4)

which is the distribution of Druyvesteyn (1930).

(b) In the case of thermal equilibrium k1 ~ 1, and 3 kT becomes the

controlling factor in the denominator of equation (2.11), The expression

- for U then becomes
c

U = —3m§ c.dc
% 3 kT
_ _ m c?
kT 2
- _cz/az
. 2
with ¢ = 2KkT/m.

The distribution function can once more be written in the form

2, 2
o - (- /%)
3/2

3
o T
showing that for thermal equilibrium the distribution is Maxwellian regardless
of the form of variation of qm with c.

An alternative form of the distribution function is often used. The

distribution function f (¢) is defined such that the probability of an electron
‘ . 1

having an energy between € and € +de ise?f(¢)de.

fi(e). is:

e, PR )
I A

€ : -1
fle) = Aexp[—zg[__M__ (E_) 1 oixr/e ] dei‘ (2.18)
6 m qu € |

The value of A is found through the normalization

The expression for
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(¢ ]
1
5 €2f(e)de = 1
0
2,3.2 Mean Quantities.

The formulae given in this section are included since they can be

extremely useful for rapid reduction of experimental data. The following

relations can be derived (Huxley and Zazou, 1949, Crompton and Sutton, 1952):

Townsend energy factor kp = 2/3[ 02 c-1 /c ] k) (2.19)
— — 1
- 1 ;R
Mean velocity c = (2kT/m)? [ cc ] kl2 (2. 20)

I

N\ ir 2 1 3 1
Root Mean square velocity ( c > (2kT/m)? [ ¢c ¢/ c] k (2.21)

Mean free path at unit pressure ..

- — 1
L = (3/2) (m/e) (2kT/m)%[ c c-l] ’ W klé/ Efp (2.22)

Mean fractional energy loss per collision

, — 2 — _ -1
n = 3 (m/2kT) K c'1> c? } Wz/kl (2. 23)

Each of the square bracketted terms is a dimensionless quantity;
the bar indicates an average over the velocity distribution. By ‘specifying either
a Maxwell or Druyvesteyn distribution the various velocity averages can be

evaluated using equation (2.15). The results are

Velocity Average Maxwell Druyvesteyn
1
C 2a /7 0.8161 o
c2 3 az /2 ’ 0.7397 az
— 1 - _
c 2/amr? 1.4464 / o

These values can be substituted in the above relations to give the numerical

constants appropriate to each distribution,
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2,3.3 Formulae for Drift and Diffusion.

For the case of non-isotropic scattering the following formulae

have been derived (Huxley, 1960) :

00 ’ .
W=pE=-25°¢ §4qrc2 t df g 2. 24)
3m qu(c) de
00
D=1 §4-1Tc2 c f(o) do 2. 25)
3 9 Nq_ (o) '

It should be noted that these equations are applicable only when M:>> m and that,
since they are given in terms of the electron speed c, qm is qm(c). The normal -

ising integral for f(c) in this case is

‘S; srdfgde = 1 2. 26)

. Alternative forms in terms of the electron energy e are (Allis, 1956)

-]

1
(2/m)? S' €ef(e)de

DN (2.27)
(o}
’ G ()
and
1 0
2
LN e(2/m) § € df 4. (2. 28)
o)
3 d
q_ (€)de
in which case the normalizing integral is
[+]
1
S‘eﬁf(e)de =1 (2. 29)
o}

Since many of the formulae to be given below were derived by
Huxley using equations (2. 24) and (2. 25) it is simpler to use only these forms of

the transport integrals in the present chapter.
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2.3.4 Use of the Coefficient D/ .

As mentioned in 2.2.3 above, although the Townsend-Huxley lateral
diffusion technique directly measures W/D, it is customary to report the results
of these experiments in terms of the ratio D/u or the quantity k1 which will be
defined below. The reason for this choice, apart from the obvious one that W/D

is pressure dependent but D/ is not, can be seen from the argument which

follows.
- If we integrate the expression for W (equation (2. 24)) by parts
we obtain :
> 2
W= Eﬁ [ —amcl (/N q_(c) f(c) ]+ S4:1r 2 ¢ _d_< ¢ ) f(c) dc}
3m o ©° de  Nq_(o)

The square bracketted term vanisiues at both limits since f(c)—>0as ¢ — « , but
f(c) remains finite for ¢ = 0. Also, since the average of any quantity X(c) is
defined to be

o]

X(c) = _§ 4 Wczf(c)X(c)dc
0

where the bar denotes an average of this type, we have

w=E¢e [ 2 d c ] 2. 30)
3m de Nagq (o) ‘
In a similar way equation (2. 25) becomes
p = 1 [ c } @.31)

3  Nq_ (9
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Thus [ c :l
D/p = m Uy (©)
dc 4, ()
= %mc2 . _1_ . _1__ (2.32)
e F
where
2

is a dimensionless average. D/u is thus proportional to the mean electron
energy. The alternative parameter kl which was used extensively in the older
literature is closely related to.the ratio of electronic to molecular energy, i.e. it

is closely related to kp, the Townsend energy ratio. From the definition of kp
(section 2.1.1)

% mec = kT é M02
3
= kp __ kT
33 o2
From equation (2. I8)
W/D _ e EF
1.2
3 mc
and substituting for 1 m02
W/D . ©EF
k(3 /2) kT
- & E 2.33)
kp k1
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Where'k1 is related to k. through the simple expression

3 Ky

1 e———
2.F
Although k1 is not exactly the ratio of electronic to molecular
energies, it is.a measure of this ratio-which, unlike k_T , does not depend on a

knowledge of the distribution function for its evaluation.

2.3.5 Special Case of a Gas in which Only- Elastic Scattering Occurs.
Equations (2.10), (2.24) and (2. 25) show that for a gas in which

only elastic collisions occur the transport coefficients are entirely determined by
the variation of qm with c. With .computing.techniquesvthese integrals can be
readily evaluated.

The true variation of qm with c is found by an iterative procedure;
the transport coefficients are evaluated for a trial variation of qm with ¢ and the
calculated values compared with the experimental results. The trial variations
are continued until the agreement between calculated and experimental values is
considered satisfactory.

-In principle it would be possible to deduce the variation of Q.
with ¢ from only one measured transport coefficient. - In practice it is desirable
to have experimental data for more than bnetransport coefficient to provide a
valuable cross-check on the values of 9. selected.

This method has been used in helium (Frost and Phelps, 1964,
Crompton and Jory, 1965) and in most of the other inert gases (Frost and Phelps,
1964). Of these analyses only Crompton and Jory's fs based on experimental
data of adequate precision. They measured three trahsport coefficients with
accuracies of 1%, 1% and 3% respectively and found that their calculated values

agreed with these data to within the experimental accuracy.

-2.3.6 Analysis Including the Effects of Inelastic Collisions.

A more complex analysis of the data must be ‘used whenever

inelastic collisions occur, i.e. in the polyatomic gases at all energies and in the
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inert gases for energies above the first inelastic threshold. The techniques are
essentially the same as those described above for the case of purely elastic scatter-

ing.  The important differences are :

(a) The form of f(c) is no longer given by a closed expression such as (2. 10)
but must be found by numerical methods from the solution of the appro-
priate Boltzmann transport equation. Details of these solutions will be
given in chapters 7 and 8. A

(b) Since several cross sections must be determined from the limited amount
of experimental data; the results are not necessarily unique ‘but merely
represent a set of cross sections consistent with observation (see 1.3).

(c} Due to the approximations invollAved in setting up the initial equations and
to the inaccuracies involved in the numerical techniques available at
present, it is unlikely that the cross sections canbe deduced with an

‘accuracy of better than 5% even under the most favourable conditions.

2.4 Use of the Parameter E/N.

It has been almost universal practice to report the vresults of
experiments in ionized gases in terms of the parameter E/p. This was satisfact-
ory while all experiments were done at room temperature and while the variation
in the constant of proportionality between the gas pressure p and the gas number
density N was small compared with the experimental error.  Neither of these are
true of the present investigation or of most modern experiments in this field.

- Although the use of the parameter E/N would overcome this objection it is not
generally accepted because of the cumbersome powers of ten involved.

Huxley, Crompton and. Elford.(1966) noted this tendency and
suggested the use of a new unit of E/N which they proposed to call the "Townsend".
The suggested magnitude was

1 Townsend = 10—17'V em?

The choice of this factor creates approximately a one-to-one correspondence
between E/N and E/p for experiments at liquid nitrogen temperature and a one-to-

three correspondence to within 3% for ambient temperatures in the range
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282°k = T =293°K. More precisely
E/N (Townsend) = (1.0354 x 1072 T) E/pp (V em™! torr ™! )

Many of the present results are expressed as a function of E/N
with units of V cmz. - Some of the data were taken prior to 1966 and are
therefore expressed in terms of the older parameter E/p with p being measured
at 203°K. These data have been converted to standard values of E/N by a graph-
ical method. Since some loss of precision was unavoidable such data are given

only as subsidiary results in Appendix 2.
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CHAPTER 3.

APPARATUS AND EXPERIMENTAL TECHNIQUES IN THE
LATERAL DIFFUSION EXPERIMENT.

Only one experimental tube was used for all the measurements of
D/p at both 293°K and 77°K. Many of the details of the design, of the construction
and of the methods of eliminating errors in this type of experiment were given in
Crompton, Elford and Gascoigne (1965). An earlier report of this experiment |
together with a brief summary of some experimental results was given in Crompton
and Elford (1963).  The sections of thé present chapter dealing with the design of
the apparatus, the production of the uniform field and the instruments for measur-
ing the ratio of the currents are based largely on these papers; the design of the
collecting electrode used in the present form of the apparatus was not described
in either of them. The collecting electrode which was used throughout this work,
and which will be described below, was, however, also.the work of these authors.

As well as dealing. with these é.spects of the experiment, the present
chapter contains a description of the vacuum systems and gas handling techniques,
details of the associated electrical equipment and the methods of measuring the

gas temperature and pressure.

3.1 Design and Construction of the-App'aratus;

3.1.1 Choice of the Dimensions of the Diffusion. Chamber,

The choice of the critical dimensions of the apparatus, namely the
source electrode to collecting electrode separation, h , and the radius of the
central disc of the collecting electrode‘, b, is a compromise between the follow-
ing conflicting requirements:

(a) the ratio of the currents received by the central disc and the outer annulus
must be measured with adequate precision.

(b) the diameter of the diffusion chamber must be such that no-electrons come
within the vicinity of the walls and that the electric field is held uniform

to the required tolerance.
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(c) the diameter of the disc must not be so small as to lead to large errors
from the finite size of the source holé,

(d) the chamber length h must be kept a8 small as possible to reduce the
length of the vacuum envelgpeé to be refrigerated for the low temperature
experiments and the quantity of high purity gas needed.

Of these requirements, the most obvious, and perhaps the most
difficult to satisfy, is the need to choose values of b and h which will lead to
values of R in the range 0.2 < R < 0,9, this being the range over which R can
be measured with adequate accuracy by the instruments to be described in 3. 3.
The effect of this restriction on the choice of Qalues for b and h was discussed
at length by Crompton, Elford and Gascoigne. Examination by these authors of
the solution for R given in the previous chapter (equation 2. 5) showed that for
k‘1 > 5 it is fairly easy-to choose dimensions which will lead to currentl ratios in
the centre of the prescribed range when field strengths of 10.0 V cm = or greater
are used. The pressure can then be chosen to give the desired value of E/p and
cross checks obtained by varying E and p in the same proportion.

The choice of parameters becomes more difficult for near-thermal
electrons and even more difficult if the gas temperature is lowered. It is desirable
to keep the field strength above 3.0 V cm_1 to minimize the errors from contact
potential differences within the chamber (see section 3. 4) but this in turn implies
small values of b and large values of h if the electron stream is to spread
enough for a significant fraction of the current to be received on the outer annulus
of the receiving electrode.  Small values of b are not desirable'because of the
difficulties in accﬁrately measuring the small diameter, the greater influence of
the finite size of the source hole and the fact that as the disc size is decreased
the unknown effect of the air gap between the disc and the annulus becomes
increasingly important. Large values of h are undesirable, too, for the reasons
given in (d) above.  The final dimensions selected by Crompton, Elford and
Gascoigne were h = 10 cm and b = 0.5 cm. - With these values R remains within
the prescribed range for near thermal electrons only if field strengths of less than

9.0 V cm™T and of less than 2.5 V cm ™ are used at 293°K and 77°K respectively.
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This latter value is less than the 3.0 V cm-1 usually chosen as the minimum field
strength at whiéh errors from contact potential differences within the chamber-are
sufficiently small to be compensated for or eliminated by the methods described
in sedfion 3.4. A different experimental technique was therefore required at
77°K and this is discussed in section 4.1,4.

The choice of these values of b and h removes the possible
source of error in the interpretation of the results arising from the pole and dipole
forms of the solution (section 2. 1.4) and also makes insignificant the uncertainty -
due to the spatial dependence of W/D as discussed by Parker (1963) (see section
2.1.5).

As stated in (b) above the diameter of the diffusion chamber must
be large enough to ensure that the electric field is uniform to the required
tolerance and that no electrons reach the walls even when the electron stream is
most divergent. An internal diameter of 10 cm satisfies both these requirements.
For a 10 cm chamber length virtually no electrons reach a diameter of 8 cm
when R lies in the range 0.2 < R <.0.9, The diameter of the outer annulus of the
collecting eléctrode was 8.5 cm. The spacing between the céntral disc and the
annulus was 0. 005 cm.

Crompton, Elford and Gascoigne calculated that the distance re-
quired for the electx_'ons to reach their equilibrium energy under typical E/p
conditions was of the order of 0.1 cm. In the present apparatus the electrons
travelled through a 2 cm region with the same electric field as in the diffusion

chamber before they entéred the latter through the 0.1 cm diameter source hole,

3.1.2 Production of a Uniform'Ele‘ctric Field.

There are two problems to be overcome in any apparatus requiring
a highly uniform electric field for its successful foperation. One is the production
of a uniform field by the geometric design and construction of the apparatus. The
other is the elimination of field distortion due to internal contact potential
differences. Crompton, Elford and Gascoigne reported the results of a large

number of experiments they performed in investigating the effects of various
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types of field distortion on the lateral diffusion experiment.

From these experiments they concluded that by far the largest
source of error was the presence of radial components in the electric field
within the chamber, the results being relatively insensitive to quite large amounts
of non-uniformity in the longitudinal field. - A radial component in the field has
its maximum effect if it occurs in the vicinity of the annular gap-of the collecting
electrode since it will here cause a spurious distribution of current between the
central disc and outer annulus. The region around the gap is also-the region
where field distortion is most likely to occur because of relatively abrupt
changes in contour of the receiving electrode; - extreme care must be taken to
ensure that the whole surface of the electrode is a true geometrical plane.

Crompton, Elford and Gascoigne pointed out that the effects of
field distortion due to geometrical inaccuracies or to-incorrect potentials applied
to the electrodes because of errors in the voltage dividing ¢hain, are almost
independent of the electric field strength and are the same for measurements
made with either positive ions or electrons. On the other hand errors due to
contact potential differences within the chamber change sign as the sign of the
particles is changed and decrease as the field strength is increased. The size of
the error almost exactly halves as the field strength is doubled.

On the basis of these observations they devi sed a simple test to
distinguish between the two types of field distortion. This can best be understood
by reference to Figure 3.1 where it is. assumed that both types of error are
present. Curve (a) shows the percentage error observed for electrons as E is
increased; curvel(b) is that obtained for positive ions. At high values of E errors
due totcontact potential differences become negligibie and the residual error -

(E1 ) due to geometrical inaccuracies can be found. This error can be subtracted
from the total discrepancy to obtain the error due to contact potential differences
at low values of E.

Crompton, Elford and Gascoigne showed that electric fields of

adequate uniformity could be obtained by using guard electrodes which are very

muchthicker than the glass spacers between them (c.f. the thin guard ring
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structure described by Crompton and Jory, 1962, in which the electrodes are

very much thinner than the glass spacers). The mathematical analysis of Hurst
(1960) shows that although the field generated by the thick ring structure is badly
distorted near the edge of the electrodes, it is possible with the dimensions

chosen to obtain a high degree of uniformity in the- important region of the chamber.
By contrast with the more conventional form of electrode structure the mechanical
stability of the thick rings allows the theoretical result to be achieved in practice.
Other advantages of the thick ring construction include the screening of the
diffusion chamber from stray electric fields exterior to it and the elimination of

dielectric soakage in the glass spacers.

3.1.3 The Apparatus.

The diffusion chamber of the apparatus is shown in Figure 3.2 and -
the entire experimental tube in Figure 3.3.. It should be noted that the collecting
electrode is only schematically represented; its actual construction cén be seen
from Figure 3. 4.

The main electrode structure was made of copper, the only other
metals used being non-magnetic stainless steel and nichrome. To minimize
contact potential differences only gold surfaces were presented to the electron
stream. The source and receiving electrodes were gold coated by vacuum depos-
ition under carefully controlled conditions and showed contact potential differences
across the surfaces of less than 8 mV, the difference in the central region of the
receiving electrode being only 3 mV.

A The interior surfaces of the guard ring structure were gold plated
as it was not possible to produce sufficiently uniform surfaces by vacuum
deposition with the techniques available. A small contact potential difference
existed between the gold surfaces of these electrodes and the end electrodes of the
chamber, but this was eliminated, or compensated for, by using the techniques
to be described in 3. 4.

The receiving electrode used to obtain some of the early data

presented in chapter 4 consisted essentially of the central disc and outer annulus
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being mounted rigidly on a glass backing plate. This form of construction proved
unsatisfactory below 90°K when differential contraction of the components caused
the disc and annulus to touch.

Figure 3.4 shows the electrode of greatly improved design which
was used for most of the present investigation. This electrode was designed by
Mr. J. Gascoigne and Dr. R. W. Crompton. Its:success is due to the effective-
ness of the thin-walled cylindrical section (0.125" long and 0. 015" thick) in
uniformly absorbing the differential contraction between the copper and ceramic
components as the electrode is cboﬁad". to 77°K. The construction of the electrode,
with the individual components vacuum brazed to the concentric ceramic cylinders,
is clear from the diagram. The entire electrode was optically tested to check
that it was flat to within 2 - 3 fringes of sodium light. The resistance to ground
of each component was greater than 1014-9. 7

For the reasons to'be given in 3.5 it was not necessary tor_thoroughly
outgas the tube for the experiments in molecular gases; accordingly no attempt
was made to heat the tube in any way. Such a step'was undesirable in any case
because of the risk of changing the contact potential differences within the chamber.
It-was thus possible to use Apiezon W 100. vacuum wax and Apiezon N grease for
the demountable seals in the apparatus.

Detailed dimensions and the alignment procedures were also given

in Cromptoh, Elford and Gascoigne and so'will not be repeated here.

3.2  Electrical Equipment

3.2.1 Power Supplies.

The potentials applied to the electrodes were derived from a
voltage divider in which the resistors were matched to better than 0.05%. The
voltage divider was supplied by a Keithley model 241, 0 - 1000 V d. c. supply
whose output accuracy was'0.05% above 2 V and 1 mV below this figure.

The potentials between the filament and the platinum coating on the
water cooler and between the filament and the top plate of the apparatus were

variable within the range 0-180 V and were supplied by dry cells.
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3.2.2 The Electron and Ion Sources.

For many of the experiments electrons were produced from a
platinum filament consisting of approximately 10 turns of 0.0015" diameter
platinum wire. The positive ions needed for the tests to be described in 3.4. were
generated from a heated potassium alumino-silicate bead mounted on a small
coil of fine tungsten wire (Blewett and Jones, 1936). - Both of these filaments were
mounted on the one support to-enable the change from electrons to ions to be made
without changing the gas sample thereby avoiding the possibility of changes in the
contact potential differences within the apparatus. The power supply for these
filaments was a highly stabilized 0 - 6 V d. ¢. supply whose output was variable
through a 10 turn potentiometer.

For the measurements in para-hydrogen the platinum filament
could not be used because of reconversion of the gas to-the normal 75% ortho-,
25% para- form (see Appendix I) and in this case the currents were generated
from a small silver coated foil of Americium 241 (a.ﬁ o emitter), - The foil was
mounted inside a small copper cylinder on the end of the filament stem. A set
of baffles inside this cylinder ensured that no o particle directly entered the

diffusion chamber through the 1 mm hole in the cathode.

3.3 Measurement of the Ratio.of Currents.

As was pointed out in section 2.1.4 the quantity of interest in
determining W/D is not the total current in the chamber but thé ratio of the
current received by the central disc to the total current reaching the anode. In
order to avoid the effects of Coulomb repulsion in the electron swarm it is
necessary for the total current in the diffusion chamber to be as low as 10"1/2 A,
This means that if the ratio is to be measured to the desired accuracy: (0. 1%),
currents of the order of 10"15 tor10—16>A must be detected, and leakage currents
must be less than 10_16A and stable during the period of measurement. ‘' Also,
to avoid effects similar to those of contact potential differences on the surfaces,
the potential of the disc and annulus must not depart significantly from earth

potential during the course of the measurement.
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The method adopted to measure the current ratio was a modification
devised by Dr. R.W. Crompton of the double induction balance - electrometer” .-
unit of Crompton and Sutton (1952). The electrometer and the double induction
balance used in the present work were described by Crompton, Elford and

Gascoigne.

3.3.1 Double Induction Balance.

A simplified circuit of the integrating induction balance unit is

shown in Figure 3.5. The potentiometer P, is a 12 k@ Colvern potentiometer,

1
cam-corrected to give an output within f-o. 05% of linear when loaded with the

450 k2, 10-turn helipot Pz" A voltage V, variable from 1 to 10 -V, is applied
toP1 from a highly stabilized d. c. power supply of low impedance. The magni-
tude of V is adjusted to:balance the larger of the two currents received by the

segments of the collecting electrode. - When P1 is driven at’a constant rate of

1 rev/minute by a synchronous motor, a highly linear sweep"voltage is generated
at A while a similar signal, the relative amplitude of which is determined by the
setting of P2 , appears at B. The two potentials are applied to the matched

capacitorsCl and C_ which are based on the design of Crompton and.Sutton

2
(1952). - With this arrangement two constant displacement currents il’ and iz

are generated; their ratio is determined by the setting of Pz.
When measuring the ratio of currents received by the: ségments

R1 and R2 of the receiving electrode the potential difference between each

segment and earth is measured by the electrometers: E. Adjustments of the

voltage V and the setting of the potentiometer P_ are made until R1 and R2 are

2
maintained at earth potential to within 0.2 mV. - The ratio' R is then the required

ratio of the currents.
Maximum accuracy of the method is obtained by making it an

integrating one with the integration commencing when V1 = Vz = 0. and termin-

ating just before V. = V (Crompton and Sutton, 1952, Crompton, 1953). To

1
effect this a correctly phased cam operates a microswitch which in turn operates

the electromagnetic earthing switches S.
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3.3.2 Electrometers.

Crompton, Elford and Gascoigne demonstrated the advantages of
operating the electrometer valves (Ferranti BDM 20) on the cross over point of
the grid current vs grid voltage curve, rather than on the plateau of this curve
as is usually done, The major advantage of operating the tubes in this way is
that by a suitable adjustment of the grid bias a leakage current of either sign can
be introduced. Any small residual leakage current in either electrometer circuit
generated either externally or internally, can be annulled. - Before each measure-
ment of the ratio R one complete integration was made with no current arriving
at the receiving electrode to ensure that leakage currents in each electrombeter
were negligible,

The circuit of the double electrometer unit is shown in simplified
form in Figure 3.6. - All the resistors were high precision wire wound types and
the voltages were supplied by a bank of 1.5 V dry cells. The filament current is

drawn from a highly stabilized "Gossan Constanter" d. c. supply.

3.4 Compensation for Residual Errors due to'Contact Potential Differences.

Small contact potential differences remain inthe diffusion chamber‘
despite the attention given to this problem; the most likely place for the existence
of these potential differences is between the internal surface of the guard electrode

structure and the surfaces of the anode and cathode. - Smaller contact potential

- differences can exist across the surface of the collecting electrode. - It must be

stressed that the errors due to these -sources are very small, generally of the
order of 1% or less.

Crompton,. Elford and Gascoigne (1965) reported a number of tests
they carried out to determine the validity of compensating for these small contact
potential differences in both places by applymg a small potential between the
guard electrodes and. the cathode and. anode They found that this method of com-
pensating for contact potential differences was a reasonable procedure provided
the error in the absence of any compensating potential was not more than 1-2%.

They suggested that the best way to set the compensating voltage was to adjust
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it until kl for positive ions was found to be 1,000 at E/p = 0.3 V cm-1 torr-l.
After following this procedure the results obtained during experiments with -
electrons were found to be virtually free of errors due to contact potential
differences.

A further correction to-the method suggested by Crompton,. Elford
and Gascoigne requires taking into account the slight ratio dependence of the.
results. Results taken with electrons using very high field strengths (so that
errors due to contact potential differences are completely negligible) show that
the results are very slightly ratio dependent, the values tending to rise as the
ratio rises, with a maximum spread over the whole range of R of 0.7% (see
4.1.2). This dependence is a combination of the effect of the finite size of the
source hole and of a small error of unknown origin Which becomes important
when R is small. This error is apparently a solution error of a different type to
that mentioned in 2. 1. 5.

If these effects are taken into account it turns out that when k1 is
actually 1. 000.the observed value should,. in fact, be 1.003 or 1.004. The compen-
sating potential in all the present experiments was adjusted until kl for the K+
ions was.1.004 at E/p'=-0.3. - In practice the effect of this additional correction
is very small since the ions and electrons are equally ratio dependent. - At the
very worst the maximum effect would be 0.4% at E=3.0V cm"1 and negligible at

higher field strengths.

3.5 Gas Handling Techniques.

The aim of the present experiments was the measurement of .D/ 1]
in the molecular gases H2 s P - H2' and D2. - Some of the most commonly con-
sidered sources of error in electronic and atomic collision processes are those
arising from the presence of gaseous impurities. - Although these may be a
significant source of error in some swarm experiments, for example in argon
when the mean energy of the swarm is near that corresponding to.the Ramsauer
minimum (Bowe, 1960, Uman, 1964), it is generally not so for experiments in -

molecular gases. Calculations for these gases show that impurity levels of up to
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100 ppm have negligible effect on the results (oxygen is a dramatic exception

at very low values of E/p - see 4.1). It is thus possible to use fairly conventional
vacuum techniques with long pumping periods to reduce the impurity level from
outgassing to the required degree. Experience has shown that it is not necessary to
bake the apparatus to achieve this level. This step would, in all probability,
increase the contact potential differences within the chamber and would lead to
greater errors from this source than could be handled with the compensation

technique. Baking of the apparatus was therefore avoided.

3.5.1 Vacuum System.

The vacuum system was constructed of Pyrex and used glaés taps
greased with Apiezon N gréase. A conventional Edwards type 2520 rotary oil
backing pump was used to reduce the pressure to.the order of 1 micron and
second stage pumping to better than 10-6 torr was made with an 8 litre/sec
Vacion pump. A liquid nitrogen trap was always maintained between the backing
pump and the main system. Liquid nitrogen traps were also placed on the gas
admittance line and immediately adjacent to.the apparatus; these traps were
filled with copper foil to increase their trapping efficiency and to minimize
the re-evolution of previously trapped vapours. A low closure-torque metal
valve (manufactured by Vacuum Generators Ltd.) was used to isolate the Vacion
pump, this type of valve being preferred to a greased tap solely on the grounds of
convenience of operation,

Isolation tests without using liquid nitrogen traps showed that the
rate of rise of pressure was of the order of 5 x;lO“6 torr /hour which corresponds
to a gas influx rate of 8 x 10-8 torr litre/sec. The rate of rise of impurity
level was therefore approximately 1 part in 108/hour'into‘ a 500 torr sample of

gas.

3.5.2 Gas. Admittance.

The hydrogen and deuterium were obtained by diffusion through a
heated palladium osmosis tube using the apparatus and technique described by

Crompton and Elford (1962). For the low temperature experiments a greatly
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increased admittance rate was achieved by operating a battery of 5 palladium
tubes in parallel.
The hydrogen used was obtained from a commercial cylinder of

C.1.G. gas. The deuterium was supplied by Liquid Carbonics Division of General
Dynamics Corporation in cylinders containing 100 N. T, P. litres and was stated
by them to contain not less than 99. 9% of the isotope. The small amounts of
hydrogen and deuterium hydride admitted would affect D/u and W by approxi-
mately 0. 1%.

- Diffusion through palladium is known to produce gaswith.é.n im-
purity level less than 0.1 ppm (Young, 1963). During the course of the measure-
ments the oxygen concentration was proved to be less than 0. 001 ppm. Discussion

of the experiments which showed this is deferred until section 4. 1.

3.5.3 Pressure Measurement.

Two types of pressure gauge were available: a pair of capsule
gauges (Crompton and Elford, 1957) covering the ranges 0 - 40 torr and 0 - 500
torr, and a fused quartz spiral gauge manufactured by Texas Instruments Ltd.
All the gauges were’calibrated against a C. E, C. type 6-201 primary pressure
standard. |

With the capsule gauges the pressure could be measured with an
error of less than 1% at 500 torr, and 0.25% at 40 torr. The larger errors at
higher pressures are due to hysteresis effects in the capsules. Fortunately the
high pressures are needed only for the very low values of E/N where ﬁﬁ/u varies
slowly with E/N and hence errors in pressure measurement are relatively »
unimportant. The 0 - 40 torr capsule gauge was used only for some of the early
data (see 4. 2) and w;a,s later superseded by the quartz manometer which was used
to measure all pressures below 250 torr. The accuracy of the calibrated gauge
was better than 0. 1% over the entire ra.;ige-S - 250 torr. The ftiaéd quartz con-
struction means that the gauge is virtually free from hysteresis and is therefore

not subject to.the limitations of the capsule gauge.
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3.6 Temperature Control and Measurement.

3.6.1 At 293°K.

The temperature at which the measurements are made can affect
the values of D/y either directly (see equation 2. 13~§1) or indirectly through its
effect on the gas number density, since the gas pressure rather than N is
measured to determine E/N. Since an uncertainty of 1 degree centigrade leads
to an error of 0.3% in N at 203K it is necessary to exercise considerable care
in both the control and the measurement of the gas temperature.

Two fine wire copper—constantan thermocouples were used to
measure the gas temperature; one was attached to the soufce electrode and the
other to the earthed ring of the collector electrode. To avoid the danger of
thermal e.m. f's being produced at conventional tungsten seals, hollow Kovar tube
seals were used.

The temperature of the laboratory was controlled to Ta degree C
and the experimental tube was surrounded by a 3" thick jacket of "Styrofoam'.
Heat generated by the filament was removed by means of the water cooler
(Figure 3. 3); distilled water in a closed system was circulated through the cooler

by a small electrically operated pump.

3.6.2 At 77°K.
‘ At 77°K an error of 1 degree in temperature measurement is
r esponsible for an error in N of more than 1%. Accurate measurement of the
‘temperature therefore becomes increasingly important as the gas temperature is
lowered. It was necessary to make several modifications to the vacuum
envelope, the liquid nitrogen container and the thermocouples before the appara-
tus could be successfully used at 77QK.

The first two of these arosevfroni the existence of terﬁperature
gradients of the order of 1°C between the g;'ource and receiving. electrodes when
the outer jacket was filled with liquid nitrogen. - Subsidiary tests made with an
identical electrode stack showed that this could/ be overcome by raising the level

of the liquid nitrogen by 3". This necessitated the lengthening of the vacuum
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envelope and the construction of a new liquid nitrogen container.

The new container consisted of a copper can surrounded by approxi-
mately 3" of solid poly-urethane externally clad with aluminium foil.

Erratic behaviour in the thermocouples was traced to thermal
e.m.f's in the soldered joints near the seals. The trouble was eliminated by
spot welding the eureka wires and using a special Leeds and Northrup low thermal
solder for the joins in the copper wires.

Work hardening of the wires caused changes of the order of
40 - 50 p V in the thermocouple e. m.f. of approximately 5400 u V corresponding
to 77°K. However, provided fully annealed copper wires and annealed eureka
wires were used and both were carefully ha.ndled a calibration figure of 5401% yv
was found to correspond to a temperature of 76. 8 °k. This figure was repeated
many times with different couples and was checked for the actual thermocouples
used immediately before assembling the apparatus. The e.m. f's were measured
with a Leeds and Northrup K3 Potentiometer and Electronic Null Detector. The
reference junction was immersed to a depth of 3 - 4" in an ice pot.

The thermocouples were calibrated against the known boiling point
of a liquid nitrogen bath. The boiling pointAof liquid nitrogen depends on the at-
mospheric pressure and on its purity (1% of oxygen raises the boiling point by
approximately. 0. IQK). The purity of the liquid nitrogen used was always greater
than 99% but, nevertheless, both factors were accurately measured and the
appropriate corrections to the boiling point made; care was taken to ensure that
the liquid nitrogen was not superheating. The sensitivity of the thermocouples
used was‘ 16 p V /degree at this temperature.

The level of the liquid nitrogen was controlled automatically by a
device designed and constructed by Dr,- M. T. Elford (1965) who considerably
modified the desién of Pursar and Richards (1959). Using this device the level
of the liquid nitrogen could be held constant to within b 1" which corresponds to
a pressure variation in the experimental tube of approximately 1 - 2%. (The

actual pressures used were, of course, recorded: see section 4.1.6.)
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CHAPTER 4.

RESULTS FROM THE LATERAL DIFFUSION EXPERIMENTS.

Measurements of the ratio of diffusion coefficient to mobility were
made for electrons in hydrogen and deuterium at 293°K and 77°K and in para-
hydrogen at 77°K. - These results are presented and discussed in this chapter.

Before proceeding to the results themselves it is convenient to
discuss several minor investigations which were made to understand and to over-
come some of the experimental difficulties. - The investigation of one of these
diffi culties, namely the current dependencé»of the results at low E/N, led to.the
discovery of the extreme sensitivity of the results to oxygen: in concentrations
-several orders of magnitude too small to be detected by any other known method.
This effect was shown to be capable of at least semi-quantitative determination
of oxygen present in hydrogen or deuterium at concentrations of the order of

1 part in 1010.

4.1 Experimental Difficulties and Minor Investigations.

During the course of the experiments many measurements of D/u
in hydrogen were made. Whenever a new apparatus was to be tested or an existing
apparatus checked for suspected faults, hydrogen was used as the test gas. It is
part_icularly suitable for a number of reasons. Firstly, it can be prepared easily
_in pure form, Secondly, the transport properties of iow energy electron swarms
in hydrogen are relatively insensitive to the presence of molecular impurities
-should the gas. subsequenﬂy become contaminated by outgassing of the apparatus.
Thirdly, it is always possible to obtain.adequat_e emission from thermionic
sources in the gas. Fourthly, the contact potential differences of the gold
surfaces used in the apparatus have been found to remain stable over lengthy

periods when hydrogen is used as a test gas.

4.1.1, The Effect of the Finite Size Qf the Source Hole.

The effect of the finite size of the source hole was frequently

observed. Table 4.1 shows the variation of k1 with pressure at E/p = 0.02. This
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variation is typical of that observed at any value of E/p where results can be

obtained over a wide range of pressures. - It shows that the value of k1 rises as
the pressure rises, i.e. as R increases. This change is of the same form as
that calculated by Crompton and Jory (1962) to be due to the finite size of the

source hole,

Table 4, 1.
Variation of k1 with pressure.

Elebtrons at-E/p/s 0.02:in hydrogen:. .

500 -400 300 200 150

p (torr)

1,133 1.132 1,132 1,129 1,127

P
n

Their calculations for a chamber geometry identical to that of the
present apparatus show that the maximum variation over the range of R used
should be 0. 8%, a figure which agrees well with the observed variation. The
failure of these authors to detect variations of this magnitude in théir own experi-
ments was almost certainly due to the masking of the effect by the contact potential
differences in their apparatus; no compensation for these contact potential
differences was made by them. ‘

Since the majority of the results were taken under conditions for
which the ratios were such that Crompton and Jory's calculations show the effect
to be negligible and since in any case the total variation over the whole range of
R used is so small, values of D/u at any value of E/p were obtained by simply
averaging the results 6btained at all pressures. Any errors due to the finite
size of the source hole are then much less than the error limit of p 1% placed on

the final data at 293°K.

4,1.2 Errors Observed with Widely Divergent Electron Streams.

In section 3.1.1 it was:stated that the maximum value of field
strength which could be used in the present apparatus at 77°K when D/u ~ kT/e
-1
was 2.5 Vem ', Before proceeding to 77°~K some measurements were made

with low field strengths at room temperature to investigate the effect of such low
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fields on the reliability of the results.

It was found that errors due to contact potential differences could
be kept to a satisfactorily low level. However, if the contact potential compen-
sating voltage was set to give k1 = 1,000 for positive ions at E = 2,0.V cm-l, then
electron results taken with this field strength and compensating potential were
approximately 11% lower than the accepted values. When this test was repeated
with E=3.0V cm-l, the lowest field strength previously used, results substan-
tially in agreement with the accepted values were obtained. :

- A further set of results for electrons taken at a constant value of
E/p and high field strengths (so that contact potential differences were negligible)
showed that the observed value of k1 increased as the field strength, or the ratio,

increased. This is shown in Table 4. 2.

Table 4. 2.

Chaxige:in k1 as ratio is increased.

E/p=1.0V cm-1 torr~! for electrons in hydrogen.

Field strength (V cm"l) ' Ratio k
10 .236 9.22

20 . 415 9. 25

- 30 . 551 9.28

40 . 656 9.28

50 .1736 9.29

60 . 798 9.29

The effect is not due to the finite size of the source hole since
(a) the finite size of the source hole is important only for narrow electron
streams, i.e. high ratios.
(b) the calculations of Crompton and Jory (1962) show that if the effect of
the source hole is important, the slope of the k1 v R curve decreases
as R decreases whereas the slope of this curve increases at low R in

the present observations.
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Since all other tests showed that the effect was unlikely to be

instrumental in origin, it is suggested that the expression
R=1-(t/dexp(-A(d-h)) 4.1)

may not adequately describe the divergence of the electron stream over the whole
range of experimental parameters. This result is not unexpected (Hurst and
Liley, 1965).

It is now possible to explain the 13% error observed for electrons
in the tests with E=2,0V cm—l. The result taken with E = 2, 0 for positive ions
was taken with a widely divergent stream and was in error by~ 0. 7% because of
the effect just described. By setting the compensating voltage to give k1 =1,000
for the ions, this error was falsely compensated. As a result, the electron values
taken at the same field strength were ~~0.7% low due to the incorrect compensation
and ~ 0.7% low due to the systematic error, i.e. 11% low overall. At field
strengths of 3.0V cm-1 or greater, the ratio was higher and the systematic error
was reduced to a negligible level.

Table 4. 2 shows that the error exceeds 0.5% only when R < 0. 4.
With the exception of the data to be given in 4. 2, 2, all the data taken at 293°K
were obtained with R > 0.5 so that errors from this effect were entirely negligible.
At room temperature the difficulty can generally be avoided by using higher gas
pressures and electric field strengths to obtain the same value of E/p. In the
case of the data of section 4. 2. 2, the difficulty could not be avoided because of
the limitations imposed by the onset of electrical breakdown in the apparatus.
At 77 OK the ratios corresponding to the low field strengths are much higher
than they are at 293°K and no problems with widely divergent electron streams

were encountered.

4,1.3 Effect of an Insulating Layer on the Collecting Electrode.

After the failure of the collecting electrode described by Crompton,
Elford and Gascoigne (1965), the apparatus was dismantled to insert the collect-
ing electrode described in 3.1.3.

On re-assembly, tests of the apparatus with both ions and electrons
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showed a time dependence of the current ratios during the course of the experi-
ments. For example, the apparent value of k1 for positive ions rose continually
during the measurements, but after switching off the filament and waiting some
time the value of k1 was observed to have fallen considerably. The effects
were repetitive and could not be explained as resulting from changes in the gas
temperature. Furthermore, the results for both ions and electrons depended
on the nature of the previous measurement. Thus if the previous measurement
had been made with electrons, the results for ions were found to be low in
contrast to the high values which resulted from prolonged use of ions. Similar
effects were observed for electrons. '

‘It was concluded that these effects could be due to the presence of
an insulator on-the surface of the collecting electrode. ‘The presence of charge
on the insulator would explain the phenomena described above and the relaxation
observed when no measurements were made.

The most likely explanation on this basis was that a chip of glass
from one of the electrode spacers had fallen on to the lower electrode. ‘To test
this hypothesis a similar apparatus was assembled and a small piece of glass }
placed on the outer colfécting electrode close to the gap between the central disc
and surrounding annulus. The behaviour of this apparatus was identical to the
main apparatus thereby confirming the validity of the hypothesis. On dismantling
the main apparatus no glass chip could be found. However, when the collecting
electrode was viewed at oblique 'inéidenée a thin layer of white powder -could be
seen on the surface. 'The distribution of the powder indicated that it had been
deposited at some stage during assembly of the electrode structure. The dust
was removed and the electrode system re-assembled. Results for electrons then
agreed to within 0. 25% of the étandard values taken with the previous collecting

electrode.

4.1.4 Compensation for Contact Potential Differences at 77,'7°K.,

Immediately after cooling the apparatus it was found that the

contact potential compensation could be adjusted using positive ions in the same
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way as at room temperature. Electron ‘resnlts taken shortly afterwards with the
same compensating potential appeared to be quite consistent. However some time
after cooling, the use of the positive ion test was found to caus'é large and increas-
ing errors: with constant compensating potential the departure of D/ p from kT/e
‘was found to increase from approximately 1% to approximately 14% over a period
of several hours. Electron results taken during this time showed a similar, but
smaller, increase. ‘

- It was decided not to use the positive ions at low temperature and
to rely on the agreement of electron fesults taken at different field strengths as
the test of the correctness of the contact potential compensation. - Any errors
from incorrect setting of the compensating voltage were generally:-less than the
experimental scatter arising from the effeéts to be described in subsequent
sections, i.e, they Were of the order of 0.5% or lessat E=1V cm-l. - When
appreciable errors due to incorrect compensation were observed at low field
strengths, only data taken at field strengths sufficiently high to reduce these

errors to less than 0.25% were included in the final analysis.

4.1.5 Surface Effects at T7°K.

On several occasions when attempting to check results at low E/N,
values of D/u that were higher than the other data by approximately 3% at
"E=1.0V cm-1 were obtained. The magnitude of this error did not scale with
- E as would an.error due to a cbntact potential difference in the apparatus. - On
the other hand, whenever such an .errof was observed and an attempt was made
-to-investigate it by taking results v‘with- field. strengths of 10V cm-1 or greater,
the values so obtained were always -in agreement with the data obtained when no
error was observed at low E/N. Once this error was present in the apparatus
it did not disappear as long as thé apparatus was held at low temperature, even
when the apparatus was evacu‘ated for some time prior to a new experimental
run, On the other hand, it disappeared as soon as the apparatus was returned to
room temperature and usualiy did not re-appear at low temperature until a

considerable amount of data had been obtained.
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It became clear that errors of the type just described were only
observed after taking results at high values of E/N and that they were enhanced
after long periods at low temperature. A possible mechanism to explain this
effect is the formation of an insulating layer by the somewhat more energetic
electrons bombarding an adsorbed layer on the collector surface. This view is
supported by (a) the fact that the errors became worse afterlpngvperiods at low
temperature, and. (b) the fact that the effect could always be eliminated simply by
warming‘ the tube to room temperature for several days before returning to the low
temperaturé, low E/N experiments.

Fortunately the effect, although inconvenient, éould always be
eliminated and the data to be given in subsequent sections were not subject to errors
from this source. At low E/N, results were included in the final analysis only
when the effect was known to be absent during a particular experimental run. At
high E/N where high field strengths were used, the»valu.es of D/u were always in
agreement whether or not the effect was present, - All the data obtained at high E/N

and high field strengths were therefore included in the final analysis.

4,1.6 The Determination of Gas Number Density at 77°K.

Small fluctuations in the level of the liquid nitrogen made it im-
practicable to work at predetermined values of E/p as had been the practice at
2930K. .Moreover, D/u, like the other transport coefficients, is fundamentally a
function of E/N rather than E/p. - Accordingly each experimental observation
consisted of fhe measurement of the current ratio together with the temperature
and pressure of the gas. These data and the known value of the electric field
strength enabled the value of E/N and the corresponding value of D/u to be

determined.

4.1.7 Current Dependence of Results at Low E/N.
Crompton aﬁd Elford ‘(19:63‘) reported a slight dependence of the
divergence of the electron stream on the total current received. This phenomenon
was frequently observed in the present experiments for E/p < 0,01 and sometimes

at much higher values of E/p.
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When such a dependence was observed it was found that the apparent
values of k1 were linearly dependent on the current. The true values of k1 were
found in such cases by extrapolating to zero current from values recorded at

13 ) and 1.2 x 1012 A, The difference between the extrapolat-

currents of 6 x 10
ed value of kl and the value recorded at the lowest current was nearly always less
than 1% at E/p = 0.006, and always decreased with increasing E/p.

The slope of the k1 v current curve increased progressively with
time for a given gas sample and, depending on the "history" of the apparatus,
was much steeper at times than at others. - These effects indicatved that the
phenomenon was associated with the outgassing of the tube, even though the level
of contamination from this source was known to be less than 0.1 ppm for a 500
torr sample of gas., It was also frequently observed that when a high current
dependence was found in a particular sample of gas, a moderately high dependence
was'found in the next sample used, even though the apparatus was evacuated to
better than 107° torr between experimental runs.

The current dependence of the results was the subject of two
series of tests. The first of theee isolated the impurity causing the dependence
and lead to a hypothesis which could explain it. The second, which arose from
the measurements in hydrogen and deuterium at 77°K,. showed the order of mag-
nitude of impurity concentration required and lead to semiquantitative measurements
of this concentration.

The first series of tests was. conducted with the apparatus in a
bell-jar as a temporary vacuum envelope. - Since the current dependence -Was often
associated with difficulty in obtaining sufficient filament emission all the results
in this investigation were made at slightly higher values of E/p, viz.. E/p = 0. 010,
The hypothesis put forward to explain the current dependence was that an unknown

fraction of negative ions was present in the electron stream resulting in.space
charge repulsion of the stream. . At very low values of E/p both the ions and the
electrons are almost in thermal equilibrium with the gas molecules and so the
current distribution at the anode is the same for both species. - If space charge

were negligible the current ratios would therefore be unaffected by the presen'ce
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of a small number of negative ions in the stream. On the other hand, if space
charge repulsion does affect the beam, a small number of ions will have an
enhanced effect since at low E/p their drift velocity is about one thousand times
smaller than the corresponding electron value.

A series of more than twenty experiments was conducted in an
attempt to isolate the impurity responsible for the suggested negative ion formation.
Since hydrogen produced by diffusion through palladium is known to be of very
high purity (see 3.5.2), the most likély source of impurity was outgassing of the
apparatus and vacuum envelope. - The gasés most likely to be present from out-
gassing are oxygen, carbon dioxide and water vapour,v - Known proportions of
these gases were added to the hydrogen in concentrations of a few ppm, In other
tests small amounts of the solvents used during the assembly of the apparatus -
(hexane, acetone and iso-propyl alcohol) and excessive amounts of the tap grease
and the W 40 wax were also added. |

- With the exception of oxygen the presence of all the impurities
~ added had a negligible effect on the current dependence of the results. - In: the case
of oxygen, the slope of the apparent k1 v -current curve was approximately linearly
dependent on the amount of impurity added. These observations are in accordance
with the known facts that attachment of thermal electrons to carbon-dioxide and
water vapour does not occur and that ‘three body attachment of electrons to oxygén
is appreciable. |

-Investigation of the effect was not pursued at this stage. Conditions
could always be arranged to ensure that a difference of 1% or less occujrf.ed
between the extrapolated value and the value measured at the lowest current.
After prolonged periods of pumping this difference was often reduced to as little
as 0.25% at E/p = 0.006 and was not measurable at higher values of E/p. All
the 293°K data presented in subsequent sections were obtained under these
conditions, |

| The investigation was resumed when preliminary experiments in

deuterium at 77QK showed a number of inconsistencies which were not apparent

with the experiments in hydrogen. ‘Ffom a somewhat confused picture of results
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two observations provided clues to the source of these inconsistencies. The first
was that the slope of the D/u v current curve was greater in deuterium than it
was in hydrogen. - Since the time of admission of the gas sample was approximately
twice as long for deuterium as it was for hydrogen this fact was in agreement
with the suggestion made above that the oxygen causing the current dependence
derived from outgassing of the apparatus. On the other hand, the outgassing rate
of the apparatus was only 0.1 micron per 24 hours at room temperature and at
low temperature, with the apparatus and most of the walls of the vacuum envelope
held at 7 7°K, this rate must have been very much reduced. This made the
increased dependence at 770K somewhat surprising. The second and more
important observation was that with a 500 torr sample of gas in which the dependence
of the apparent values of D/u on the current was comparatively high, the apparent
value corresponding»to a given current fell sldwly until a transfer of liquid nitrogen
to the cooling jacket took place. The apparent value then rose rapidly by several
percent and the cycle was repeated.
Since no-electrical faults éxternal to.the apparatus could be found

it was concluded that the effect was due to a genuine change in the divergence of
the electron stream caused by a change in either N or the gas temperature T. The
change in gas pressure, and hence N, resulting from the change in the level of
liquid nitrogen in the cooling jacket was about 2%. When a change in' N of the
same size was simulated by using the backing pump to reduce the pressure in the
system by 2%, it was found that the apparent value of D/u changed by the same
amount as it had in the cyclic variation described above. The effect was thus
shown to be dependent on N rather than on.the gas témperature. Subsequent tests
showed that the variation was caused by a change in the current dependence of the
measured ratios rather than a real change in D/u itself.  As expected, all these
-effects became negligible when the current dependence was sufficiently small.

- The explanation put forward to account for these effects is based
on the effect of space charge repulsion due to‘negi'itive -ions in 'thév electron stream.
As N is altered two effects take place to change the current dependence. Firstly,
as the effective E/N is lowered the drift velocities of the electrons and ions

decrease, and for a given attachment rate, the effect of space charge on the
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stream is increased. Secondly, since the attachment of thermal electrons to
oxygen is a three-body process, the rate of attachment depends on the square of
the pressure: raising N again leads to a larger current dependence. The mathe-
matical theory of this effect (Liley, 1966) shows that the combination of these
two processes makes the current dependence vary as the fourth power of N,
Thus the change produced by only a 2% change in N could easily be observed.

Although the current dependence of the results at low E/N -and the
apparent inconsistencies in the initial measurements in deuterium c.ouldboth be
«explained in terms of space charge repulsion enhanced by negative oxygen ions
formed by thermal attachment, the number of oxygen niolecules was known to be
so small that it was difficult to see how they could have such a large effect.

To find what concentration of oxygen was needed to produce the observed effects
it was decided to make up mixtures of known concentrations‘v of oxygen in hydrogen
and to determine the current dependence in these mixtures.

In the first attempt to make such a mixture a pressure of the
order of 100 microns of oxygen was inadvertently admitted to the experimental tube.
When reducing the pressure it was observed that a large amount of oxygen had been
adsorbed on the cold surfaces of the apparatus leading to a high desarption rate
when the pressure was reduced. This provided a reasonable explan:;tion for the
fact that a high current dependence in a given set of measurements was. invariably
followed by a dependence greater than normal in subsequent measurements made
in fresh samples of gas, even though the system is pumped to less than 10-6 torr
between gas fillings. This effect could only be avoided by'leaving the apparatus
evacuated for an extended period. The desorption of oxygen presumably continues

forsome time thereby slightly contaminating subsequent gas samples.

In the case cited above, the pressure of oxygen was. reduced to a
stable value of 0.2.- 0.3 micron before a 500 torr sample of hydrogen was
admitted. - With this concentration of oxygen, of the order of 0.5 ppm, the
current ratio was immeasurably small; that is, the space charge repulsion in
the stream was so excessive that only a negligible fraction of the electron current

fell on the central disc of 1 cm diameter. When this sample of gas was removed
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and the system evacuated for several hours, a subsequent filling with clean gas
led to a current dependence 6.~ 7 times l‘arger than normal;: this confirmed the
"memory" of the apparatus for oxygen as described above.

Several tests with decreasing oxygen concentrations were made.
The mixtures were prepared in the following way: | '

After isolating the evacuated apparatus from the vacuum system
the required pressure of oxygen was admitted. The oxygen pressure was
measured on the Pirani gauge and was of the order of 0.1 to 5 microns. High
pressure hydrogen was admitted and the oxjrgen concentration calculated. The
pressure of the contaminated hydrogen was reduced to a lower value (2 - 10 torr)
before sharing volumes with the apparatus and increasing the preséufe to 500 torr
by admitting pure hydrogen. - | |

The same final oxygen concentration could be produced in several
different ways by selecting the appiopriate--pressures at each stage. A complete
experimental run with zero oxygen concentration was made to check that back
diffusion from the backing pump was not a significant factor. The results of the

| various tests are set out in Table 4.3. The "% slope'" refers to the percentage
difference in the values of D/u as measured at currents of 6 x 10-'1‘3 A and

1.2 x 10'12 A. .

Effect of oxygen concentration on the current slope at

E/N = 2x10 22 v cm?

Oxygen concentration % Slope
4 in 107 Toolarge to measure
5.8 in 10° | | 59%
6.3 in 10° o | - 49%
5.21in 1010 ' 21%
2, 6;in 1020 + _ ' 16%
2.6 in 1010 * - - 17%

* prepared in different ways.
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From this table and the observed current dependence under normal experimental
conditions at 77°K it can be seen that the oxygen concentration must be much less
than 2 parts in 1010. The close agreement of the slopes for the mixtures of
2.6 in 1010 is gratifying in view of the difficulty in measuring the pressure at
each stage of preparation; it shows that the effect could be used for at least semi-
quantitative determinations of oxygen in a carrier gas and that the method would
be a useful means of detection at least three orders of magnitude more ‘sensitive
than any other known method. |

Once again, closer examination of the theoretical analysis of Liley
(1966) shows that the sensitivity to oxygen depends approximately on the fifth
power of the gas temperature. This explains why the effect was more pronounced
at 77°K than it was at 293°K and why such small concentrations of oxygen could‘ be
detected at low temperature. It furthermore shows that the sensitivity of the

oxygen detector could be made variable by altering the gas temperature.

4.2 Results for Hydrogen,

Some of the data in hydrogen were measured at predetermined
values of the parameter E/p rather than at predetermined values of E/N, In such
cases E/p is used to mean E/p293 where the gas pressure is measured at 203°K.
Where not specifically stated the units of E/p are V cm"1 torr-l,‘ and of E/N,

Vv cmz.

- -1
4.2.1 At 293°K. 0.006 <E/p=2.0V cm ! orr L,

Two sets of results were taken covering the full range
0.006 <E/p =2.0 in hydrogen. One of these was made with an early version
of the collecting electrode which proved unsuitable for the low temperatqre work
(see 3.1.3) and the other with the collecting electrode used for the'major_r"_jty of
the present investigation. The early set of data were takeh before the quartz
manometer was available and before the small correction to the method of setting
the contact potential compensation described in 3.4 was employed, i.e. in this
case the experimental techniélues were identical to those of Crompton, Elford

and Gascoigne (1965). If no compensating voltage was applied an error in k1
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for both positive ions and electrons of 0.7% 6ccurred at a field strength of

3.0V cm_1 . This error was eliminated, or compensated for, by applying a
voltage of 100 mV between the guard rings and end plates of the apparatus. For
completeness, tabulated values of k'1 found in this investigation are given in

Table 4.4. The entries in this table are the averages of two complete sets of data
taken with different gas samples. The maximum discrepancy at any point between
these two sets was 0.3%; most of the results agreed to 0.1% or better,

Table 4.5 shows the values of k1 found in a later investigation
using the apparatus rebuilt to incorporate the collecting electrode describ,ed in
3.1,3. The data shown in this table were obtained using the various modifications
to-the techniques of Crompton, Elford and Gascoigne described in the previous
chapter. Principally, these were the use of the quartz manometer . for p .<_‘200 torr
and the method of adjusting the compensating potential. - One further technique was
1 at the lowest.values of E/p. This involved
the taking of results with a field strength of 1.5 V cm_1 over a limited range of
E/p.

employed to obtain the best values of k

-If the field strength is held constant and E/p is varied by changing
the pressure p, then the current ratios rema.in practically constant provided the
electron temperature does not rise by more than a few percent. - Since the current
distribution across the collecting electrode is always similar under these circum-
stances, errors due to symmetrical or asymmetrical field.distértion.should remain
constant to a first order. The results obtained in this way have a small systematic
error which can be removed by normalizing them against a value taken at a field
-strength sufficiently high to reduce contact potential errors to a negligible level,
the highest E/p value being used for this purpose, |

Measurements were made with a field strength of 1.5V cm—1
and with préssures of 150, 200, 300, 400 and 500 torr, The k1 v E/p curve
obtained in this way was approximately. 0. 9% below the curve obtained at higher
field strengths. - When the points of the E = 1.5 curve were increased by 0. 9%
they fell exactly on the high field curve except at E/p = 0.006 and 0.008, and the
curve obtained in this way extrapolated .to'kl =1,000 at E/p = 0.0, The difference
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between the values. of k1 at E/p =0.006 and 0,008 obtained in this way and those
obtained in the conventional manner was only 0. 2%. - Since the method produces
points which agree well with the rest of the data and since they give a better
extrapolation to (0.0, 1,000) it is thought that the values at E/p = 0.006 and 0. 008
found iil this way would be accurate.

The agreement between the two sets of data in Tables 4.4. and
4.5 can be seen to be extremely good (better than 0.5%) and since there is no
reason to prefer one set to the other, the averages of these two sets are presented
as the final values in Table 4. 6. - Since the quantity of interest in the later
calculations is D/u rather:than-kl,, the data in this table are values. of D/u. To
prevent errors .due to rounding off, the values of D/u shown have been recalculated
from the original ratio measurements rather than by dividing the average values
of k1 by kT/e. An error limit of 4-:71% is placed on the average values in this
table.

A further reduction of these data to the values corresponding to
the required values of E/N was made graphically. The values so obtained are
g'iven in Table 1 of Appendix 2. |

4,2.2, Resultsfor 1.0.< E/p=< 10,0V cm_'1 torr-l.

The geometry of the chamber and the limitation of the maximum
voltage which could be applied meant that results in this range could only be
~ obtained with current ratios lower than those normally measured. - As a result,
the data to be given in Table 4.7 may be slightly too low because:of the low ratio
-effect discussed in 4.1,2. Nevertheless, even including an allowance for this
error the data are claimed to be in error by less than 2%. lE“rrors from sources
other than the use of low current ratios‘-‘should bew}ery smali since the temperature
and pressure were acéurately measured and the field strengths were so -high that
contact potential €ffects were completely negligible. Table 4.7 gives the values
of D/u in hydrogen for 1.0 = E/p =10.0; the values of the parameterk1 corres-

ponding to the average values in this table are also given.



L
Qo
©

$L£°0
0S€°0
0I€°0
(g)99z°0
(6)zgz°0
(o)e12 "0
2961 °0
T9LT°0
1SST "0
$€81°0
ZITT°0
8880 °0
6LL0°0
8990 °0
6290 °0
2950 °0

00S0°0

6590 "0
6€%0°0
8T¥0 "0
96€0 "0
GL€0°0
£880°0
0£€0 0
80€0 °0
(8)9620 0
(8)g820°0
(6)¥220°0
(1)59z0°0
(1)1920°0
(1)8820*0

o8eaoAy

PLE°0
0S€°0
0TS0

(8)99z2°0

(6)2¢2°0 (6)2€Z°0
(o)erz -0 (0)s1Z 0

€961 °0
€9L1°0
¥SST°0
vee1°0
TIIT 0
L880°0

0T

09671 °0
8GLT "0
8%ST "0
TEET 0
6011 "0
880 °0
9LL0°0
¥990°0
1290 °0
1950 °0

0z

8€ET°0
9TIT 0
2680°0
18L0°0
1L90°0
6290 °0
€950 0
0050 °0
89%0 0 19%0°0
65700
8170 "0 81%0 "0
96€0°0  96£0°0
GLEO "0 $2£0°0
£5€0°0 £5€0°0
0€€0°0 0€€0°0
L080°0 80€0°0
(2)9620°0
(L)¥8%0°0
0¥ 00T 08T

C 000 0000000000000 CO0COSOOmm m

0°2

g

G

7

0

6"

g

)

9°

g

5

e

¢z"

0z"

81"
ST

4

(1]

60"

80"

20°

A 90"
35€0°0 co"
0€€0°0 ¥0°
80€0°0 800 "0 €0°
(9)9620°0 (1)2620°0  (€)2620°0 g20°
(2)e820°0 (6)s8z0°0  (8)s820°0 (1)9820°0 020"
@%2z0°0 (Dszzo0  (2)s2z0°0 (1)S220°0 ST0°
(0)g9z0°0  (1)g9z0°'0 (g)e9z20°0 010"
(9)1920°0 (2)1920°0 800"

(1)8620°0 900°0
m\m
002 00¢ 00% . 00 d

"31,€62 1° uaSoapAy ur 1/q Jo son[EA

9°% 9IqelL’



69,

Table 4.7

D/y in Hydrogen at 293° K.

p 10 8 6 4 Average 'k

1
E/p

1 .2334 .233 9.24
1.2 . 2665 . 267 10.55
1.5 .3112 .311 12.33
1.8 .3507 ' .351 13, 88
2.0 .3758 3738 . .375 14.84
2.5 4322 4307 .432 17.08
3 .4840  .4829 .4825 .483 19.12
4 .5766  .5763 5769 577 22.8
5 .6614  .6618 .6614 .662 26.2
6 L7406 .7414 .7411 .741 29.3
7 .8178  .8185 .8191 .819 32.4
8 . 8932 .8932  .8980 . 896 35.5
9 .9882 9751 . 982 38.9
10 1. 060 1.060 42.0

For each value of E/p the temperature and pressure were
recorded to enable the corresponding value of E/N to be determined. Small
corrections to the measured values of D/u were then made to. convert them to

-the values corresponding to the values.of E/p2 3 shown in the table.

9
4,.2,3 At77°K. 2.0 x-lO-20 = E/N =1.2x 10-16 v cmz,

Other than data excluded for the reasons given in 4.1.4 and 4.1.5
all the results for hydrogen were plotted on a graph with scales sufficiently large
to allow the values of D/u to be read off at the required values of E/N with an
error of no more than 0.3%. - Almost 250 individual data points fairly evenly
distributed over the whole range of E/N were plotted and every point lay within
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b 1% of the line of best fit drawn through the data.

It was observed that a temperature gradient of approximately 0. 3o
appeared between the cathode and anode of the diffusion chamber as the pressure
was progressively lowered from 500 to 5 torr over a period of some hours. A
corresponding change in mean temperature from 77. 3°K to 77. 4°K was observed.
The rise in temperature of the top plate of the apparatus is due almost entirely to
radiant heating from that part of the apparatus not immersed in the liquid nitrogen
bath. At high pressures conduction and convection through the hydrogen helps to
keep the temperature of the top plate close to that of the liquid nitrogen bath; as
the pressure is reduced the apparatus becomes less effectively coupled to the heat
sink and the temperature gradient across the chamber increases.

This temperature rise has been taken into account in preparing
Table 4.8. An error limit of ~ 2% is placed on the data in this table. The actual

conversion factors used were :

2x102° =E/N <5x108 T = 77.28)°K kT/e = 0.006659 eV
5x 10',18 <EN <2.5x10°7 T = 77.34)°K kT/e = 0.006664 eV
2.5x10 = E/AN =1.2x10% T = 77.40°K  KT/e=0.006669 eV

4,2.4 Comparison with Other Data.

Other results for k1 in hydrogen at 2930K have been reported by
Townsend and Bailey (1921), Crompton and Sutton (1952), Crompton and Jory (1962),
Cochrane and Forester (1962) and Cromptoh and Elford (1963). Warren and Parker
(1962) have reported values for D/u in hydrogen at 77°K.

With the exception of Crompton and Elford, whose results were
presented only in a graphical form, none of the other workers have obtained |
accurate values of k1 in the near thermal region. Figure 4.1 shows the present
results expressed as either k1 or D/p and plotted as a function of E/ p293 or E/N.
The data of Table 4.7 have been included in this figure.

The agreement of the present results with the unpublished but
tabulated data of Crompton and Elford (1963) is of the order of 0.5% over the
common range of E/p (0.006 = E/p =< 0.10). The agreement with the results
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Table 4.8

D/u and k, in hydrogen at 77.3°K.

E/N D/u k)
2.0x 10720 0. 00676 C1.015)
2.5 0.00681 CL02@)
3.0 0,00685 1.02(9)
3.5 0.00690 11.03(6)
4.0 10.00696 1. 04(5)
4.5 0.00702 - 1,05(4)
5.0 10.00709 g 1.06(4)
6.0 . .0,00723 ' 1. 08(5)
7.0 0.00738 - 1.10(8)
8.0 ~ 0.00755 1.13(4)
9,0 0.00772 1.15(9)
1x107P? 0.00790 1.18(6)
1.2 0.00827 1.24(2)
1.4 10, 00867 1.30(2)
1.6 0.00907  1.36(2)
1.8 0.00946 1.42Q1)
2.0 0.00986 1. 48(0)
2,5 0.0108(4) 1.62(8)
3.0 10.0117(9) 1.77(1)
3.5 0.0126(8) '_ | 1, 90(4)
4.0 0.0135(3) 2,03
4,5 | ©0.0143(2) o 2,15
5.0 ©.0.0150(8) 2,26
6.0 0.0164(9) - 2,48
7.0 10, 0177(T) 2,67
8.0 | 10.0189(3) . 2.84

9.0 : -0.0200 : 3.01



- E/N

1.0x 10

1.2
1.4
1.6
1.8
2,0
2,5
3.0
3.5
4.0
4.5
5,0
6.0
7.0
8.0
9,0

1,0
1,2
. 1,4
1.6
1,8
2.0
2.5
3.0
3.5
4,0
4.5
5.0
6.0
7.0

x 10

18

72.
D/u

10,0210
-0, 0229
10,0247

0.0263
0.0278

10,0294
10,0329
10,0364

0.0398
0.0433
0.0467

.0, 0502
.0. 0572
10,0642
10,0713
.0, 0786

0.0860

10.100(8)
-0, 115(7)

0.130(6)

0.145(3)
- 0.159(5)
10.192(9)

' 0,224

0.252
0.278
0.302
0.325

-0.366

0. 405

%
3.16
3,44
3.71
3.95
4,18
4,42
4,94
5,47
5.98
6.50
7.01
7.54
8,59
9,63
10.7(0)
11,8(0)

12. 9(1)

15.1(3)

17, 3(6)

- 19.6(0)
21.8
23.9
1 29.0
33.6

37.8

41.7
45.3 -
48.8
54.9
60.7



E/N

8.0
9.0

1.0x 10718
1.2

73.

D/u

0.440
0.474

0.506

-66.0

71.1

75.9
. 84,7
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of Crompton and Jory (1962)(0.1 = E/p = 5.0) is also well within the combined
experimental error provided a small correction is made to the published data of
these workers. This correction results from the 0.37% difference between the
torr and the 20°C mm of mercury used by them. If a temperature of 15°C is
assumed for the work of Townsend and Bailey ti;'__eir results also agree well with
the present data. - Above E/p = 1.0 there is also fair agreement with. Crompton
and Sutton's values. A discussion of the possible sources of error in Crompton
and Sutton's data below E/p = 1.0 was given in Crompton and Jory (1962). The
discrepancy between the present results and those of Cochrane and Forester is
surprisingly large (in excess of 25% in some places) in view of the modern
techniques applied in each case. Because of the good agreement with earlier data
above E/p = 1,0 and the excellent agreement with Crompton and Elford below
E/p = 1.0, none of the other sets of agta-have-béen plotted in Figure 4. 1.

. In Figure 4. 2 the present results at 77°K are compared with those
of Warren and Parker (1962), the only other data available. - All the present
experimental points lie within the thickness. of the line plotted. The agreement
between these data and those of Warren and Parker is not good since discrepancies
of up to 15 - 20% exist between the two sets. These authors made no compensation
for contact potential differences within their apparatus and used field strengths
which, at times, were as low as 1/10.the smallest used in the present experiments.
Errors from contact potential and other surface effects could reasonably be
expected to be much larger than in the present results. The self consistency of
Warren and Parker's data was s‘ov-poor that they Were‘v forced to use an empirical
calibration to obtain meaningful results.. Even:with this calibration.the scatter
in the tabulated data supplied by them is still often in excess of 5%; a true com-
parison with the present results thus becomes difficult.

By using such low electric field strengths: Warren and Parker
extended their data to values of E/N approximately an.order of magnitude lower
than the present results. - Howevef the doubtful reliability of their data and the
fact that the present data extend to within 11% of thermal energy suggest that such

a step is neither justified nor essential,
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A comparison between the values of D/u measured atboth 77°K
and 293°K is also given in Figure 4.2 - As expected, the curves at both temperatures
extrapolate to the thermal value of kT/e. As E/N is increased the energy supplied
to the electrons by the electric field increases and the effect of the thermal energy
of the gas molecules becomes less important. Thus the D/u curves at the two
temperatures gradually merge and the value of D/i is virtually independent of the
gas temperature from about E/N = 4 x 1077 upwards.

Closer examination of the data of Tables 4.6 and 4. 8 shows that
the results at the two temperatures donot exactly agree, the results of the 77°K
experiment being 1.3% below the 293°K values over a considerable range of E/N.

- Since the results are taken with exactly the same electric field strengths and
gas number densities at the two temperatures the measured current ratios are
exactly the same in each case. For this reason it is unlikely that the small

difference is instrumental and it should therefore be considered significant.

4,3 Results for Deuterium.

4.3.1 At 2939K. 0.006 = E/p =< 2,0V cm"1 torr—l.

Results in deuterium were taken immediately after establishing
the reliability of the apparatus .and measuring equipment with hydrogen. - The
small potential applied to compensate for the effects of contact potential differences
in the apparatus was exactly the same in deuterium as it was in hydrogen.
- Two complete sets of data for k.l in deuterium were obtained, the
experimental details being exactly the same as those given in 4. 2.1, - However,
the agreement of the two sets of data taken with the different collecting electrodes
was slightly worse in deuterium at the intermediate values of E/p than it was in
“hydrogen. Over most of the E/p range the results agreed to 0, 5% or better but
for 0.1 =< E/p =<0.6 the discrepancy was of the order of 0.75%. .Since the results
- were taken under identical conditions.to those in hydrogen it was thought that the
disagreement might have been due to a real difference in the purity of the gas
.samples used on the two occasions. - A further set of results were taken with gas

from a third cylinder of deuterium: these results were in excellent agreement
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with the other data taken with the new collecting electrode. The results given in
Table 4.9 are, nevertheless, the averages of the two sets, but in the E/p region
in question slightly greater weight was given to the later data.

Table 4. 9 gives the values of D/u as a function of E/p2 93 } an
error limit of t»l% is placed on the average values in this table. As in hydrogen,
the data were obtained directly from the measured current ratios and not by con--
version from the calculated values of kl‘

The values of D/ at various values of E/N were found graphically
and are presented in Table 2 of Appendix 2.

20

4.3.2 At 7'70K. 2.0x10 < E/N =< 1.2 X'lO-16 \'A cmz,.

With the exception of those data excluded for the reasons given
in 4.1,4 and 4. 1,5, all the results for deuterium were plotted on a graph sufficient-
1y large for the values of E/N and D/ p to be read off to better than 0.3%. A slight
improvement to the techniques used for hydrogen was made since account was taken
of the different sensitivity to temperature of k»1 and D/u at low and high E/N. Thus
for D/u < 10 kT/e the graphs were plotted in terms of k1 since in this range k1 is
relatively insensitive to changes in the gas temperature. For D/u- = 10:kT/e the
graphs were plotted in terms of D/u since at high E/N, D/p is relatively independent
of the gas temperature.

The small temperature rise described in 4. 2.3 was also observed
in deuterium and this has been taken into account in analysing the raw data.- Inter-
change between: D/u and k, was made by multiplying or dividing by kT/e, the

actual factors used being :

2x 10'20 < E/N < 2x 10'19 kT /e = 0. 006651 eV
2 x 10‘19 <= E/N< 1.2 x'10-18 'kT/e = 0.006662 eV
1 16

1.2x10 8 =BE/N=12x10 kT/e = 0.006665 eV

Almost 300 individual data points were plotted over the whole
range of E/N and only 3 of these did not lie-within»t 1% of the line of best fit
drawn through the remainder. Tabulated values of D/u and k1 are given in
Table 4.10; the expected error li mit on these data is -f»z%.‘



717.

%% °0 0¥%¥ 0 %90 0°2
I1%°0 I1%°0 - 8°T
G9¢°0 $9€°0 99€°0 G°1
e1£°0 £I€°0 - 2°1
(@)222°0 (9)922°0 ()2Lz°0 0°1
(6)252°0 (@)r82°0 (@)85z 0" 60
(1)282°0 (2)9¢2 0 (6)rgz°0 8°0
(L)s13°0 (1)s12°0 (2)912°0 L0
9261 °0 0261°0 1€61°0 9°0
LL9T 0 0.91°0 6L9T°0 289T°0 G°0
20%1°0 66S1°0 20¥1°0 90¥T°0 $°0
660T "0 $601°0 TI0TT°0 ZOTI'0 £°0
€760 "0 _ 2¥60°0 €¥60°0 6z2°0
$8L0°0 €8L0°0 G8L0°0 02°0
1220 °0 02L0°0 33L0°0 8T°0
8290 °0 1290°0 6290°0 S1°0
0¥50 "0 0%50"0 21°0
£8%0 "0 28%0°0 £8%0°0 0T°0
GS%0°0 ¥S%0°0 9S%0°0 60°0
62%0°0 82%0°0  62%0°0 80°0
10%0°0 00¥0°0  20%0°0 L0°0
9,80 °0 © GLE0'0 9L€0°0 90°0
0S€0°0 6¥€0°0  0S€0°0 05€0°0 G0°0
6Z2€0°0 , 6Z€0°0  S2€0°0 92€0°0 ¥0°0
20€0°0 10€0°0  20€0°0 20800 £0€0°0 €0°0
(€)1620°0 . (8)0620°0 (0)1620°0 (S)1620°0 (0)2620°0 GZ0°0
(6)0820 "0 (6)6220°0 (9)g820°0 (2)1820°0 (¥)1820°0 (2)1820°0 0200
(12200 . (0)t2z0°0 (991220°0 (8)T220°0 (9)1T220°0 ST0°0
(#)€920 "0 (2)e9z20°0 (9)g9z0°0 (S)€920°0 0T0°0
(00920 "0 (0)6820°0 (2)0920°0 800°0
(z) 182070 (2)2520°0 900°0
d/q

a8eIoAy 01 02 0¥ 00T 05T 002 00¢€ - 00% 00S d

spoa Wa-
p: | ommm 18 wmpremag ur 1/qQ

6’V OIqelL



78.
Table 4.10

D/x and k, in Deuterium at 77.3%K.

E/N D/u k

1
2,0 x 10720 0.00680 1.02(3)
2.5 0.00682 11, 02(6)

3,0 .0.00685 11,03(0)
3.5 0.00688 1. 03(5)
4,0 .0, 00692 1. 04(1)
4.5 0.00697 1.04(8)

5.0 ' 0.00702 1. 05(5)
6.0 . 0.00712 1.07(0)
7.0 10.00722 1.08(6)
8.0 0.00733 1.10(2)
9.0 10.00744 1.11(8)
1.ox10t® - 0.00756 1.13(6)
1.2 -0.00778 1.17(0)
1.4 0.00801 1.20(4)
1.6 0.00824 1.23(9)
1,8 0. 00846 1.27(2)

2,0 /0. 00866 11.30(2)
2.5 10.00916 1.87(5)

. 3.0 .0.00962 .1.44(4)
3.5 0.0100(7) 1.51(1)
4.0 » ©0.0104(9) - 1,57(5)
4.5 0.0109(0) - 1.63(6)
5.0 0.0113(1) 1.69(7)
6.0 : 10.0121(1) 1,81(8)
7.0 0.0128(9) 1. 93(5)
8.0 10, 0136(6) . 2.05

9.0 A 0.0144(3) 2,17
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E/N D/u k1
1.0 x 10718 0.0152(1) 2,28
1.2 0.0168(1) 2,52
1.4 0. 0184(0) 2.76
1.6 10.0200 3.01
1.8 0.0217 3.26
2.0 10.0234 3.51
2.5 0.0278 4,17
3.0 10,0323 4.84
3.5 10,0371 | 5.57
4.0 0.0421 6.32
4.5 0.0471 7.06
5.0 10.0521 7.81
6.0 10,0627 9,41
7.0 10.0737 11.1(0)
8.0 0.0848 12.7(0)
9.0 0.0957 14. 4(0)
1.0x 107 0.106(6) \ 15. 9(0)
1.2 0.127(9) 19.1(9)
1.4 0.147(6) | 22,2
1.6 0.166(2) : 24,9
1.8 | 0.183(6) - 27.6
2.0 0.199(7) 30.0
2.5 10,237 - 35.5
3.0 0.270 40.5
3.5 0.302 45,3
4.0 | 0.331 49.7
4,5 0.358 53,7
5.0 0,385 . 57.8

6.0 .0,435 ’ 65.3



7.0
8.0
9,0

1.0 x 10716
1.2

80.

D/

-0.484

0.527
0.570

0.612

10.694

%

72.6
79.1
-85.5

91.8
104. (0)
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The raw data showed some evidence of a plateau in the D/p v E/N
curve for both hydrogen and deuterium at about E/N = 2,5 x 10"20 v cm2. An
investigation of the shape of the curve by taking results with a field strength of
0.65V Cm-l confirmed the possibility of such a plateau, particularly in deuterium.,
However the maximum divergence from the shapes of the curves represented by
Tables 4.8 and 4. 10 was only 0.5 - 0. 8% and since this was within the experi-

mental error no firm conclusion could be drawn.

4,3.3 Comparison with Other Data.

The room temperature data of Table 4.9 are shown plotted as a
function of E/p293 or E/N in Figure 4.3. - Also shown in this figure are the
results of Hall (1955) and of Creaser (1966) these being the only other data for
deuterium at 293QK. - All the 31 average values from the present experiment lie
within the thickness of the line plotted.

| There is only limited overlap of Hall's results with the present
range of E/p. . Since she used lower gas pressures and did not correct for the
effects of contact potential differences in her apparatus her results are more
susceptible to experimental error than are the present ones. - Nevertheless, at the
highest values of E/p where the effects of contact potential differences are least,
the two sets of data agree to within the combined experimental error. Creaser's
data cover only the range 2.0 <E/p = 10,

A comparison of the present results at 77°K with those at 293%K
and with the data of Warren and Parker (1962) for 77°K is shown in Figure 4.4.
All the present experimental points lie within the thickness of the lines plotted.

All the remarks of section 4.2,4 are equally relevant here. Thus,

“the scatter in Warren and Parker's data is often in excess of 5% and the estimated
real difference between their results and the present data is about 15%. - Similarly,
a comparison of the data of Tables 4.9 and 4. 10 shows that, as in hydrogen, the
7'7°K data do not merge completely with the 293°K values but remain approxi-
‘mately 1.3% below them from E/N =4 x 1077 upwards.
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4.4 Results for para-Hydrogen.

4.4.1 AtT°K. 2.0x10720 < E/N = 5x10">" V cm?.

Results in pure para-hydrogen were taken after establishing
the reliability of the apparatus with normal hydrogen. The para-hydrogen gas
was prepared using the apparatus and techniques described in Appendix I. Using
the analyser described in Appendix I the para-concentration of the gas sample
was found to be in excess of 98%. Since changing the para-concentration from
25% in normal hydrogen to 100% in pure para-hydrogen causes, at most, a 2.0%
change in fhe value of D/u at a given value of E/N,.any errors from the possible

* 2% of unconverted gas are completely negligible.

The use of the Americium source in place of the platinum
filament used in hydrogen and deuterium resulted in a smaller rise in the mean
temperature of the apparatus as the pressure was lowered. The factors used for
interchange between D/ and k1

2x10°2° < E/N <1x10°
1x1077 <E/N =5x10

in para hydrogen were:
17
17

7=77.28°K  KkT/e =0.006659
T=77.41°K  kT/e=0.006675.

A total of 66 individual data points were taken and when these
were plotted on a graph similar to that used for hydrogen and deuterium, all but
one point lay within < 1% of the line of best fit drawn through the data. - As.in
the case of deuterium, the graphs were plotted in terms of k1 for D/p < 10 kT/e

“but D/u for D/u = 10.kT/e. The values of D/u and k, corresponding to. the
required values of_E/N are shown in Table 4, 11,

4.4.2 Comparison with Other Data.

There have been no =preﬁous measurements of electron
transport coefficients in para-hydrogen. - A comparison between the values of
D/p measured in para-hydrogen andin"normal hydrogen is shown in Figure 4.5
and discussed in the following section. The small difference between the values
of D/u for 2 102 cEN <1 x 10722 is considered significant but, being

about 2%, is less than the combined experimental error.
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Table 4.11

D/u and k1 in para-hydrogen at 77.3%K.

E/N

2.0 x 10720

2.5
3.0
3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

1.0x 10'19

1,2
1.4
1.6
1.8
2,0
2.5
3.0
- 3.5
4.0
4.5
5.0
6.0
7.0
8.0
9.0

D/u

0.00686

10.00692
.0.00698

0. 00705

-0.00711

0.00717
0.00724

-0. 00740

0,00759

10,00778
10.00796

0.00814

-0,00852
-0,00888
0.00924
-0.00960

0. 00996

0. 0108(1)
0.0116(4)
0.0123(9)
0.0131(1)
0.0137(2)

0.0143(2)
10.0153(2)
10.0163(1)

0.0170(5)

10.0177(1)

1

1
-1.16(8)

1

Ky

1.03(0)

11.03(9)
1.04(8)
- 1.05(8)

1.06(8)

L0707
11.08(7).
1.11(1)

. 14(0)

.19(5)

1.22(3)
11, 27(9)
1.33(3)
1,38(7)
11,44(1)
1
1

. 49(6)
.62(3)
1.74(8)

. 1,86(0)

1, 96(8)

2,15

2,30

2.45

2.56
2,66
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D/u

0.0184(5)
0.0197(8)

0.0211
0.0224
10.0236

0. 0247
0.0272
0.0302

0.0334

10.0365
10,0396
0.0428 -
0.0497
10,0567

0.0639

-0,0679

0.0792
0. 0846
0.109(7)

10.124(9)
©.0.139(8)
10.154(4)

0.189(4)

-0.221

0.249

0.301
0.325

5

2.7
2. 97
3.17
3.36
3.54

- 3.71

4.09
4.54
5,01
5.48
5. 95
6.43
7.46
8.52
9.60
10. 1(9)

11, 8(7)

14.1(7)
16. 4(3)

18,7(1)

20,9
23.1
28.4
33.1
37.8
41,2
45.1
48.7
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4.5 General Discussion of Results at 77°;K‘

In addition to the comparison made in Figure 4.5, a comparison
between the values of D/p in normal hydrogen and deuterium is shown in Figure 4.6.
A qualitative description of these curves can be given in terms of the various
collision processes occurring. Reference should be made to Appendix I for a dis-
cussion of the rotational quantum numbers, allowable transitions and the proportions
of ortho- and para--molecules in each case. The momentum transfer cross section
is the same in all three gases. | '
Comparing the curves for normal hydrogen and normal deuterium

A(F.ig.urJeA. 6) it is seen that the value of D/p initially rises more rapidly in
hydrogen than it does in deuterium. This occurs because the first rotational thres-
hold in deuterium is at approx1mate1y 0. 028 eV and, at 77° 'K, the J £0 level in
deuterium is occupied by approximately 60% of the molecules (see Appendix I).
‘Even when the electrons are in thermal,»zéquil"ibrium with the gas their mean energy
is 0.01 eV and there are a significant number whose energy exceeds 0. 02:3 pV

. As the value of E/N is increased most of the énergy received by-the electrons from
the field is used in exéiting'the J=0 tovvJ = 2 transition and, as a result, the mean
electron enérgy rises only slowly. In the case of hydrogen, not onlvy. does the first
rotational transition have a threshold at thé-higher value of 0..045 eV, but only

25% of the hydrogen molecules occupy the J =0 level. - An,appre_ciable-éhange'rin-the
slope of the D/u v E/N curve therefore does not occur until a consideré,ble pro-
portion of the electrons.in the swarm have an energy in excess:of 0. 075 eV which
corresponds to the threshold of the J = 1 tod =3. transition. .

-In both gases the rotational cross-sections become. only slowly rising
functions of the electron energy after the'i'apfid risein the near’-threshold,region.
This behaviour, coupled with the very small populations of excited rotational

_states and the fact that cross sections for rotational excitation involving a change

in quantum number of 4 or more are very small, results ..in,fhe- steady rise of the
mean electron energy with E/N until a significant number of electrons have enough
energy to cause vibrational excitation of the m_olécules. The thresholds for

vibrational excitation occur at 0.360 éVvand..O. 516 eV in deuterium and hydrogen '
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respectively.  The vibrational states act as effective energy "absorbefs" and
cause a decrease in the slope of the D/u v E/N curve.

A similz;:r comparison between:the results for normal and para-
hydrogen can be given, the differences this time being due to the different statis-
tical weights of the rotational levels. - At Sufficiently,rhigh values of E/N when the
mean electron energy approaches 0.5 eV, the values of D/u are identical in the
two gases because the vibrational excitation_= cross section is so much larger than
the rotational cross sections that the differences in the rotational states are

unimportant.




870

CHAPTER 5.

APPARATUS AND EXPERIMENTAL TECHNIQUES IN
THE DRIFT VELOCITY EXPERIMENT.

In this chapter the apparatus and techniques used in the drift
velocity experiments are described. Two different apparatuses were used for
the measurements of drift velocities, one for the measurements in deuterium at
2930K and the other for the measurements at low temperature. These apparatuses
will be referred to as apparatus A and apparatus B.. ; |
Some of the material in this chapter is based on the papers of

Lowke (1963), Crompton and Jory (1965) and Elford (1966).

5.1 Design Considerations.

The design of an apparatus to measure drift velocities is consider-
ably simpler than that of a lateral diffusion apparatus because the measurements
are much less sensitive to the presence of small amounts. of field distortion.
Furthermore, the}rig'id mechanical tolerances on the collecting electrode of the
lateral diffusion apparatué are not essential in the construction of the collecting
electrode of a drift velocity apparatus.

The factors of importance‘in the design of a drift tube-are discussed

in following sections.

5.1.1 Uniformity of the Electric Field.

Ina éeries of experiments Lowke (1963) showed that, provided the
correct d.c. potentials are applied to the electrical shutters, the measured drift
velocities are relatively insensitive to distortion of the electric ‘field between
them. Even when incorrect potentials were deliberately applied to the electrodes
‘between the shutters only small changes in the measured drift velocities were
observed. To obtain results which are unaffected by field distortion it is there-
fore not necessary to use the guard ring structure which was shown in section |
3.1.2 to:gjve the most highly uniform field. The guard ring structure of

apparatus A was, however, identical to that of the lateral diffusion apparatus
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described in section 3. 1.3 and the results obtained in it were therefore free from
any errors due to field distortion. Apparatus B was subject to greater mechanical
stresses because of the temperature range it was designed to withstand and it was
not practicable to use the same guard ring structure as in apparatus A. Details
of the design of apparatus B and of the field distortion within it will be given in
section 5.3.1, :

Lowke (1963) found that with a spacing between the shutter wires
of 0.5 mm he could not observe any distortion of the main field due to the a. c.
signals applied to the shutters. The errors caused by distortion df the a.c.

voltages themselves will be discussed in section 5.4.3.

5.1:2 Choice of Dimensions of the Apparatus.

Lowke (1962) showed that the resolving power is proportional to
h% , where h is the distance between the planes of the shutters (see section 2, 2, 2).
The resolving power is a measure of the sharpness of the current peaks and
should therefore be as large as possible for accurate drift velocity measurements,
i, e. the distance between the planes of the shutters should be made as large as
possible., Similarly, equation (2. 8) derived by Lowke to describe the effects of
diffusion on drift velocity measurements shows that h shouldi-be as large as
possible to minimize errors from this source.

Less important considerations are that the length should be kept
small to minimize the quantity of high purity gas needed and that, if it is intended
to take results in gases in which electron attachment occurs, thé shutter separation
should be short enough to ensure that adequate electron current reaches the |
second shutter. v

~ The combination of these factors resulted in the choice of a
nominal 10 cm shutter st_éparation in apparatus A and a-néminal 5 cm in apparatus B.

The diameter of the chamber is dictated by the requirements that
the electron concentration be negligible at the cylindrical boundary of the chamber
and that the electric field be sufficiently uniform., The internal diameter of the

guard electrodes of apparatus A was 9 cm. In apparatus B examination of the
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field plots to be described in section 5.3. 1 resulted in the choice of 6 cm as

the internal diameter of the apparatus.

5.1.3 Elimination of Contact Potential Differences.

The lack of sensitivity of the results to field distortion means that
the effect of contact potential differences is primarily to falgify the total
potential between the planes of the shutters. The interior of apparatus A was
gold plated and the shutter wires were flashed with gold. Measurements of the
contact potential differences on such surfaces!(Crompton, Elford and Gascoigne,
1965) suggest that errors from this source would be less than 1% if the electric
field strength was not less than 2.0 V cm-l' _ Thé results to-be presented in
chapter 6 show that errors which could be attributed to contact potential difference
within the chamber were less than 0.4% at E=2.0V cm_l. '
Since it was not intended that apparatus B should yield data with
errors of less than 1% it was not considered necessary to.coat‘the whole interior
with gold. The shutter wires were,. however, flashed with gold to minimize
any falsification of the total potential. The results to be given in chapter 6 show
some evidence of errors due to contact potential differences but these errors were

negligible at field strengths of 8 V om L or greater.

5.2 Construction of Apparatus A.

Apparatus A has been described by Jory (1ﬂ965) .

A schematic diagram of the épparatus is shown in ;Figu‘re 5.1. The
guard ring structure was the thick ring type discussed in 3.1.2, eight modules
each of 1.66 cm being used. The copper electrodes were separated by ground
glass spacers and mounted on four stainless steel tie rods. - The internal diameter
of the guard rings was 9 cm. Th.eV‘shutters,. separated by a ndminal 10 cm, were
mounted between two "half-rings" with the wires of the shutters being accurately
located at the mid-plane of the gﬁard rings. _

The shutter wires were 0.0033" nichrome sealed under-tension
between two soda glass frames. The spacing;betwéen.the wires was 0.4 mm,

Details of the construction of the shutters and of the method of mounting them in
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Figure 5.1.
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the guard rings were described by Jory (1965).

The apparatus was mounted inside a Pyréx glass envelope similar
to that used for the lateral diffusion apparatus of section 3.1.3. The demountable
seals were made with-W 100 wax. The receiving electrode consisted of a plane
metal electrode with a central insulated disc of radius 3.8 cm. . Electrons entered
the chamber through a 0.5 cm radius hole in the source electrode. The critical
dimensions of the apparatus were :

+

guard ring thickness 1.6149 -0.0002 cm
spacer thickness 0.0508 p 0.0002 cm
total chamber length | '13.324 £0.008 cm

shutter separation 9.991 p -0.003 cm.

5.3 Construction of Apparatus B.

This apparatus was designed by Dr. M. T. Elford primarily for
the measurement of electron drift velocities in ultra-pure gases at low temper-
ature: The drift tube was therefore made as small as possible and constructed
in a form suitable for relatively high temperature bakeout to achieve the required

low outgassing rates.

5.3.1 The Guard Ring Structure.

The guard ring structure used can be seen in the sketch of the
complete apparatus, Figure 5.2. The electrodes were machined from Qacuum
melted copper and were lapped and polished to a high degree-of flatness and sur-
face finish. - The electrodes were separated by glass spacers-and mounted on
ceramic tie rods. All sharp edges and sudden changes of contour were eliminated
to:minimize the possibility of electricai breakdown. |

Field plots of the proposed electrode structure were made with
Teledeltos conducting paper and a plotting device manufactured by Servomex
Controls Ltd. - Several configurations were tried before the final design was
chosen, The changes included the thickness of the guard rings, their separation
and internal diameter and the shape of the electrodes adjacent to the shutters. |

The trial configurations were also examined for their effectiveness in preventing




Figure 5. 2.
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field distortion within the chamber from external sources (Elford, 1957). The
final design shown in Figure 5.2 was virtually free of field distortion over the
important central region. Small amounts of field distortion were present off the
central axis.

A comparison of results obtained in apparatus. B with those obtained
in apparatus A, which was known to yield highly accurate data, showed that there
was a systematic error in apparatus B of approximately'0.3%. - If the distance
between the planes:of the shutters was taken to be 5.014 .cm instead of the
measured value of 5.008 cm, the agreement between the two sets of data was to
within 0.2% at all electric field strengths greafer than 8 V cm—,l. The empirical
figure was used in subsequent measurements and no further discfepancies between
the measured values and the results taken in apparatus A or by Lowke (1963) were

observed.

5.3.2 Constructidn of the Shutters.

The shutters were constructed of 0.0033" nichrome wires, separated
by 0.4 mm and mounted on ceramic rings of internal and external diameters:3.cm
and 5.5 cm respectively, The wires were sealed to the ceramic with Pyro-ceram

cement obtained from Corning Glass Works Pty Ltd.

5.3.3 General Details.

Figure 5. 2 shows the apparatus mounted inside the permanently
sealed Pyrex glass envelope. Hollow Kovar tube seals were used to bring the
electrical leads through the glass.
- Unlike the lateral diffusion apparatus of chapter 3, the entire apparatus
was immersed in liquid nitrogen to-a depth just above the bottom of the glass skirt
on the filament stem shown in Figure 5. 2. - Total immersion of the apparatus

reduced the pressure variations caused by oscillations in the level of the refrig-

-erant. - The temperature gradient between the top and bottom of the apparatus was

also much less than it had been in the lateral diffusion apparatus. The liquid
nitrogen was contained in a copper can insulated from the outer stainless steel

jacket by approximately 33" of "Insulwool". This material can withstand
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temperatures of 250°C and the apparatus can therefore be baked at a moderately
high temperature without removing the liquid nitrogen container and its insulating
jacket.

The electrical leads through the glass skirt shown in Figure 5.2
were sealed with silicone rubber thereby ensuring that the space between the
filament stem and the glass skirt was hermetically sealed. This arrangement

prevented condensation and ice formation on the leads.

5.4 Electrical EguipAment;

5.4.1 Power Supplies.

The potentials applied to.the electrodes were derived from a highly
- accurate resistance chain across either a Fluke model 301E or a Keithley model
241 power supply. The output of both supplies was accurate and stable to within
0.1%. The actual voltage applied between the shutters was checked ‘.with a Fluke
model 801R differential voltmeter which was accurate to within 0. 05%.. Additional
potentials between the filament or Americium source and the top plate of the

apparatus were supplied either by dry cells or by small stabilized power supplies,

5.4,2 The Electron Sources.

A platinum filament was used as the electron source in the deuterium
experiments and the Americium source was used in the para-hydrogen measure-

-ments,  Both of these sources were identical to.those described in 3. 2. 2.

.5.4.3 The A.C. Supplies.

Lowke (1963) examined the effects of distortion in the a.c. signals
applied to- the shuttérs of a Bradbury and.Nielsen type apparatus_; He found that
many of the errors introduced were largely self-cancelling to a first order, but
that the following ideal characteristics: should.be-approximatéd as closely as
possible;

(a) the phase difference between the two voltages applied.torthe shutter should
be 180°, ‘

(b) there should be no phase difference between thé corresponding voltages
applied to each shutter. |
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(c) the amplitude of the two signals applied to the halves of a single shutter
should be equal.

(d) the amplitude of the signal should remain constant as the frequency is
varied.

(e) the RMS voltage of the signal should be high enough for at least 80% of the
current to be collected by the shutter wires when the signal is at its
peak,

With the exception of (d) all these requirements are met with the
equipment used, It was not possible to produce a combination of oscillator and
amplifier with constant output over the whole of the required frequency range. The
signal applied to the shutters was therefore monitored on an oscilloscope; by
expanding the oscilloscope signal and monitoring only the peaks of the trace very
small changes in voltage could be detected. When such changes were observed
the oscillator output was adjusted to maintain a constant voltage at all frequencies.
Over most of the range used no adjustment was necessary, but for frequencies in
excess of 150 Ke/sec or less than 2 Kc/sec continual adjustment was required.
The voltages applied to the shutters were also monitored for distortion, e.g. in
apparatus A the signal became distorted from a sine wave when the peak to peak
voltage applied to the shutters was greater than 25 volts.

The oscillator used was a Hewlett-Packard model 233A audio
oscillator with a range 50 c¢/sec to 500 Kc/sec. The output of the oscillator was
amplified by a conventional solid-state amplifier before being applied to the
shutters. A resistor-capacitor network was used to superimpose the a. c.
signals on the d.c. voltage of each shutter.

The frequencies of the signals were measured with either of two
counters: a Venner type TSA, 1035 useful for frequencies less than 150 Kc/sec
or a Hewlett-Packard model 3734 A useful up to 5000 Kc/sec. The accuracy of
both instruments was b 1 count. At frequencies less than 2 Kc/sec the period
of the signal was measured rather than its frequency, thus preventing errors due

to rounding off.
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5.4.4 Electrometry.

Electron currents of 10"10 A or less were used. They were

measured with a Vibron model 62A electrometer in conjunction with either a 1010
11

or 10" Q resistor. The time constant of the electrometer circuit was kept small

to allow rapid scanning of the current peaks.

5.5 Gas Handling Techniques.

The vacuum systems and gas handling techniques were essentially
similar to those described in section 3.5. The outgassing rate of apparatus A was
less than 0.1 micron in 10 hours; over the same period of time the contamination
of a 500 torr sample of gas was therefore less than 0.2 ppm. The corresponding
outgassing rate and impurity concentration in apparatus B were at least four times

smaller.

5.5.1 Pressure Measurement.

Unlike the ratio of diffusion coefficient to mobility, the drift
velocity is strongly dependent on the value of E/N even at very small values of
this parameter. - As a result the gas pressure must be measured as accurately
as possible over the entire pressure range and it was not possible to use the
capsule gauges for pressures greater than 250 torr as had been the case for the
lateral diffusion measurements.

The quartz manometer described in section 3.5 was used to
measure all pressures. This instrument is essentially a null manometer with
a range of a little over 250 torr. A hollow quartz épiral‘ forms the pressure
sensitive element and the deflection of this spiral when operated in an evacuated
reference volume is a measure of the absolute pressure. For pressures in the
range 250 to 500 torr the gauge is operated with the reference pressure held
accurately at 250 torr. Stability of the pressure in the reference volume was

improved by the addition of a 5 litre ‘ballast volume immersed in a water bath.

Apparatus A was immersed in a water bath whose temperature

was stable to within 0.1°C per hour. The gas temperature was measured to
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within 0, 1°C with a copper constantan thermocouple.

Apparatus B was used only at 77°K. Because of an accident
during the final assembly only the thermocouple which was attached to the elect-
rode adjacent to the top shutter could be used.  Since the lower half of the
apparatus was in excellent thermal contact with the liquid nitrogen bath, the
single thermocouple would still have shown the existence of any temperature
gradients. - Only very small temperature gradients were observed; details are
givén in sections 6.3.2 and 6.4.1, |

The thermocouples were prepared and. calibrated in the manner
described in section 3.6, and their e.m.{'s were measured with the combination of
Leeds and Northrup K3 potentiometer and. electronic null detector described

previously,

5.7  Experimental Procedures.

Each experimental observation consisted of the determination of the
transit time of the electron pulse and the temperature and pressure of the gas.
These data, together with the electric field strength and the distance between the
shutters, allow the calculation of W and E /N for each observation.

It was only possible to obtain accurate results if the electron
curfent was stable during the measurement of each current peak. The power
supply for heating the filaments was highly stabilized and short term fluctuations
from this source were negligible. There were no.significant fluctuations in the
electron current produced by the Americium source. Any changes in the electron
current because of variations with frequency of the amplitude of the a.c. signal

-applied to the shutters were eliminated by adjusting the a. c. signal as described
in 5.4, 3 above.

The determinations of the frequencies of the maxima in the current-
frequency curves were made in accordance with the methods described by Elford
(1966). Thus the frequencies on each side of the peak for pre’-determiﬁed pro-
portions (roughly 50%, 70% and 90% ) of the total peak height were measured. The

averages of these pairs of frequencies gave three estimates of the frequency
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corresponding to the current maximum, - Any trend in these estimates would
indicate asymmetry of the peak but in no set of measurements was this observed.
The frequencies corresponding to both the first and second peaks
in each current-frequency system were determined. - Since the frequency of the
second peak should be exactly twice that of the first an excellent experimental

check on the accuracy and repeatability of the measurement is provided.
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CHAPTER 6.

RESULTS FROM THE DRIFT VELOCITY EXPERIMENTS.

Results obtained for the drift velocity of electrons in deuterium at
293°K and 77°K and in para-hydrogen at 77°K are presented in this chapter. The
drift velocities of electrons in hydrogen have been measured accurately by Lowke

(1963) and these data are used in the remainder of the present work,

6.1 General Results.

In the Bradbury and Nielsen shutter method a graph of the trans-
mitted current as a function of the frequency of the signal applied to-.the shutters
shows a series of maxima and minima, the amplitude of which decreases with
increasing frequency. At constant E/p these maxima and minima should occur
at integral multiples of a characteristic frequency fo such that 1/2 fo.is.the transit
time of the electrons between the shutters.  For each value of E/p and p the
frequencies corresponding to the first two maxima were determined. In the
results presented in following sections the two values of the drift velocity found in
this way were always in agreement to within 0, 2%; in about 90% of the observations
the agreement was to within 0, 1% The cases where the agreement was to within
0.2% were in either of two categories: (a) at the very lowest values of E/p where
the current was small and electrometry noise made accurate estimations of the
current peaks more difficult, or (b) at the lowest pressures used when the current
pulses were greatly broadened by effects of diffusion.

Throughout this chapter reference is made to the diffusion errors
considered by Lowke (1962) and summarised in section 2,2, 2, Lowke found that,
to a good approximation, the observed drift velocity W' is related to the true

drift velocity W through the relation
W'=W [1+3/(hW/D) ] (6.1)

in which h is the distance between the planes of the shutters and ‘D is the
diffusion coefficient. It has been found (Elford, 1966, McIntosh, 1966, Crompton,
Elford and Jory, 1966) that the term 3/(hW/D) overestimates the effects of
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diffusion and that a more accurate estimate of the drift velocity is obtained by
applying only half of the correction implied by equation (6.1). In practice the
difference between these two corrections is insignificant except at the highest
values of E/p at room temperature where results could be obtained only With
pressures of 5 and 2 torr, At the remaining values of E/p at 293°K and at all the
values of E/p used at 77°K, results were obtained at sufficiently high gas number
density that the difference between W' and W was less than 0.25% whichever
correction was applied.

- As in the lateral diffusion experiments, the data taken at 293°K were
measured at predetermined values of E/p293‘with units of V cm"1 torr_l; Corrections
to the values of W' corresponding to small departures (< 1%) of the actual value of
E/p from the desired value were made numerically. - A similar procedure was
followed at 77°K, with the data being taken at pre-determined values of E/N. The
low temp‘erature data were treated in this way rather than graphed as in the case of
the D/u results because the experimental scatter was only p 0. 15% compared with
the T 1% for the D/u results.

6.2 Lowke's Results for Hydrogen.
- -1
6.2.1 At 293°K. . 0.004 = E/py,, = 18V om L orr ™,

Lowke's results (1963) were taken under similar experimental
conditions and with the same techniques as the present results. He placed an error
limit of—t»l% on his "Best Estimate" values. Taking into account the 0.37% difference
between the torr and the 20°C mm of mercury used by Lowke in determining his
values of E/p, Lowke's results were plotted on a graph with scales sufficiently
large to allow both co-ordinates to be read with an error not exceeding 0.3%. The
values of W were then read off at integral values of E/N. The results obtained in

this way are listed in Table 3 of Appendix II.

a1, -1
6.2.2 At 77°K. 0.001 = E/pyg, =< 3.0V em™ torr

Lowke's 77°K data were analysed in the same way as his room
temperature results. The values so obtained are given in Table 4 of Appendix II.

Lowke placed an error limit of T 9% on nis original data.
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6.3 Results for Deuterium,

6.3.1 At293°K. 0.006 < E/p =< 5.0 V em™? torr .

The measured values of W' are listed in Table 6.1. The agreement
of the values taken at the same E/p but different p is good, but it is made even
better by correcting the results for the effects of diffusion using equation (6. 1).
The "Best Estimate" values of W were obtained by the application of equation (6. 1)
to the result taken at the highest pressure for each value of E/p since these
results are less subject to diffusion errors and to errors from contact potential
differences within the chamber. Although it was later found that a better estimate
of W could be obtained by applying only half of the diffusion correction, the full
correction term has been used with the data in Table 6.1, This was done because
the discrepancies involved are less than 0. 25% except at the highest values of E/p
where they do not exceed 0.6% and because the data in Table 6.1 have been
published previously (McIntosh, 1966) with the whole correction applied.. Where
results were taken over a sufficiently wide range of pressures, values of W
identical to the ""Best Estimate" figures could be obtained by plotting W' against
p“1 and extrapolating to p-1 =0. An error limit of I 1% is placed on the "Best
Estimate' figures for 0.006 <= E/p = 1.2 and of ¥ 2% for 1,2<E/p = 5.0.

It should be -emphasized that the corrections made to the values of
W' are very small: - for each value of E/p =0.5 the discrepancy between the "Best
Estimate' and the result taken at the highest pressure is less than 0.25%; for
0.5 <.E/p = 1,2 the discrepancy remains less than 0. 5%, while for E/p > 1.2
it ranges from 0. 8% to 1.2%. The fact that the corrections made to the measured
values of W' for E/p -> 1.2 are greater than 0, 5% is the only reason for the
increased error limit placed on these data.

The values of W at integral values of E/N were found by the graph-
ical method described earlier and are listed in Table 5 of Appendix II.

- -1
6.3.2 At 77°K.  7.970 x 10 20 =E/N = 9,564 x 10 7 A% cmz.

Several room temperature measurements were made in apparatus B
before proceeding to the 77QK experiments. The results obtained agreed with the

+
data given in the previous section (obtained in apparatus A) to within - 0. 2%.
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When apparatus B was cooled to liquid nitrogen temperature the
thermocouple attached to the electrode just below the top shutter agreed with the
bath temperature to 0. 1°K. At all pressures in excess of 50 torr no temperature
rise was recorded by the thermocouple. At pressures of 50 torr and below a
temperature rise of as much as 19K was observed, ‘ In the data which follows it
was assumed that the lower half of the apparatus was always maintained at the
bath temperature; the gas temperature used to calculate the values of E/N was
taken to be the average of the bath t‘empei'ature and the temperature recorded by
the top thermocouple.

- Since W is dependent on the gas temperature as well as E/N the
temperature to which the data refer must be selected carefully from the range of
temperatures observed. The temperature chosen was 77. OOK since this was the
mean temperature of all the results taken at p = 100 torr. ~ Over this pressure
range deviations from 77, 0°K were less than 0. 15°K. Although deviations of as
much as 1°K were observed at 20, 10 and 5 torr, the values of E/N used at these
pressures were sufficiently high for W to be substantially independent of the gas
temperature. Provided the correct temperatures are used to calculate the values
of E/N no significant errors are incurred by these departures from the standard
temperature.

Three experimental runs were made in deuterium. Deviations of
the actual values of E/N from the chosen values were always less than 1%, most
being less than 0.5%. The observed values of W' were corrected numerically to
those corresponding to the chosen values of E/N.

Results obtained at E=3 V ém_l showed variations of as much as
b 0. 75% but the experimental scatter at high values of E was only.-t 0.15%. It
was concluded that the scatter at low field strengths was due to variations in
contact potential differences within the apparatus. Only results taken with field
strengths of 5 V cm"1 were included in the final table of results. The measured
values of W' are shown in Table 6.2.  Each entry is the average of at least two
results differing by no more than 0.3%, a large proportion of the differences

between the sets of results being only 0. 1% or 0. 2%.
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At high values of E/N and low pressures the term 3/(hW/D) of
equation (6. 1) overestimates the effects of diffusion whereas one half of this
correction yields values of Wwhich-are independent of pressure to within 0. 2%.
The "Best Estimate" values of W in Table 6. 2 were obtained by applying one half
of the diffusion correction to thevalue of W' observed at the highest pressure at
each value of E/N. The corrections made were less than 0. 2% for 3. 985 x 10-18
=E/N =3.985 x 10"1’7 and less than 0.35% at higher values of E/N. An error
limit of p '1.5% is placed on the ""Best Estimate'" values in Table 6. 2.

Below E/N = 3. 985 xlO_18 the values of W' increase more rapidly
as the pressure is lowered than can be accounted for by the influence of diffusion;
consequently no "Best Estimate" values of W are given. For example, the
increase in W' at E/N = 9,564 x 10_19 (~ 1.5%) is more than 10 times greater
than expected from the effects of diffusion. . Similar behaviour, but on a larger
scale, was observed by Lowke (1963) in his measurements in nitrogen at 77. 6°K.
However, Lowke did not observe any unexpected pressure dependence of his -
results in hydrogen at low temperature. To check that the pressure dependence
in deuterium was genuine and not instrumental, results were taken in hydrogen
at E/N = 17,970 x-’10—19 and 9. 564 x 10"'19 over the same range of pressures as
is deuterium. Once again W' was found to increase more rapidly with decreasing
pressure than can be accounfed for by diffusion. However at E/N = 7,970 x 10—19
the increase was only three times that predicted by equation (6. 1) and since the
discrepancy not accountable for by diffusion was only 0.5%, it is doubtful that
Lowke using a smaller range of pressures and less accurate pressure gauges
would have detected so small a difference.

Values of W at integral values of E/N were found graphically from
the data of Table 6. 2 and are listed in Table 6 of Appendix II.

6.3.3 Comparison with Other Data.

The only other results for the drift velocity of electrons in deuterium
are those of Pack, Voshall and Phelps (1962) who used gas temperatures of 300°K
(o) .
and 77 K.
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Figure 6.1 shows the present 2930K results and the 300,0K results
of Pack, Voshall and Phelps plotted as a function of E/p293 or E/N. The present
results are not plotted individually since all of the ""Best Estimate' values are
contained within the thickness of the line. The 7OK temperature difference between
the present results and those of Pack, Voshall and Phelps has been taken into
account only in converting their values of E/p3 00 to values of E/N since the
direct influence on the values of W would be much less than the experimental
error. The two sets of data are in good agreement at low values of E/N but appear
to diverge by as much as 7% at higher values of E/N, the magnitude of the dis-
crepancy being masked to some extent by the scatter in the data of Pack et al.
The results for hydrogen of Pack and Phelps (1961) who used the same apparatus
and experimental techniques as Pack, Voshall and Phelps, show a similar dis-
crepancy when compared with the data of Lowke (1962) and Bradbury and Nielsen
(1936). |

Hall (1955) measured the magnetic drift velocity WM . This is not
the true drift velocity (Huxley, 1960, Jory, 1965) and therefore no reference to her
data is made in Figure 6,1 '

A comparison of the present 779K results with those of Pack, Voshall
and Phelps for 770K, and with the present results for 293°K is shown in Figure 6. 2.
The individual data points for the preserit 77OK data are not shown since they all
lie within the thickness of the line plotted. On the log-log plot the observed
pressure dependence below E/N7= 3.985 x 10”18 cannot be seen. From‘
EN=4x 10-17 upwards the values of W are independent of temperature, this
observation agreeing well with the temperature independence of the values of D/u
noted in section 4.3.3. The agreement between the 77°K results of the present
experiment and those of Pack, Voshall and Phelps is fair; their values are

approximately 7% above the present data over the whole range of E/N studied.

6.4 Results for para-Hydrogen.
6.4.1 At77°K. 1.195x 1012

< E/N = 9.564 x 10'17 \'4 cm2

Before taking measurements in para-hydrogen a series of results

was taken in normal hydrogen to check that if any differences between the drift
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velocities in the two gases were observed, the differences would be genuine and
not instrumental, The agreement with Lowke's values was always better than 1%.
The para-hydrogen content of the gas samples used was greater than
98% (see Appendix I). Two experimental runs were taken, one covering the
pressure range 10 =< p -< 250 .torr and the other the range 10 = p = 350.torr.
At the pressures common tovthé two runs the agreement between the two sets. of
data was always better-than 0.3%, and this agreement suggests that the data taken
-at pressures-of 300 and 350 torr can also be considered reliable. |
- The measured values of W' are shown in Table 6.3 for the range
1.195x 1070 < E/N =9.564 %10 2. The mean temperature of the results
taken at pressures greater than 100 torr has been used as the gas temperature
to which:the measurements refer; as:in-the measurements in-deuterium this
temperature was 77, 0°K. - At higher-values of E/N,. W is substantially independent
of temperature and no significant errors are incurred by the 0. 5°K departures
from 77. 0°K observed at pressures of 50 torr and less. The departures from
71. OO'K at low pressures were less in para-hydrogen than they were in deuterium
because of the use of the Americium source instead of the platinum filament.
- The "Best Estimate" values of W in:Tables 6.3 were found by apply-
ing one half of the correction of equation- (6. 1) to the result taken at the highest
.pressure at each value of E/N, - An error limit of«tl. 5% is placed on the "Best
+ Estimate' values in this Table., 'Ifhemaximum difference between the '"Best
Estimate" and the value of W' taken at the highest pressure was 0. 15% at
E/N = 5,579 x10 . . Below E/N = 3. 985 x10"28 no"Best Estimate" values of
W are given because, as in deuterium, the values of W' increase more rapidly
as p islowered than can be-accounted for by the effects of diffusion. - As
. expected, the discrepancy is less than it is in deuterium. The differences not
accountable for by diffusion are about 0.5% for E/N~ 10’"18 at which values it
was possible to take the results over the widest range of pressures. These‘differ-
ences are very small but are considered significant when compared with the

experimental scatter which was everywhere less than 0. 15%.
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.6.4.2: Comparison with Other Data.

There have been no previous measurements of electron drift
velocities in para-hydrogen. A comparison of drift velocities of electrons in

normal and para-hydrogen is shown in Figure 6.3 and discussed in the following

section.

6.5 General Discussion of Results at 77°K.

In addition to the comp’arison.made-in :Figure 6.3, a comparison
between the drift velocities in normal hydrogen and deuterium is shown in Figure
6.4. - It should be noted that in:Figure 6.3 the drift velocities are plotted on a
linear scale to. show more clearly the small differences between the two sets.of
data. |

Taken with Figures 4.5 and 4.6, the drift velocity results
provide confirmation of the self-consistency of all the sets of data. Thus‘, con-
sidering the comparisons between normal hydrogen and deuterium it is seen
(a) that significant differences between the two sets of results appear at about
"E/N = 10—19 in both W and D/u, (b) that the cross-over point between the
curves for hydrogen and deuterium occurs at exactly the same E/N in both the |
W and D/p data, and (c) that the differences between the two W curves are very
nearly half the differences between. the D/u curves at each value of E/N. This
last result is. expected from equations (2.30) and (2.32) which, for a constant
momentum transfer cross section, show that D/u is proportional to’c_z_ (where c
is the electron speed) and W .is proportional to [ c 1 -1. - Similar remarks apply
to Figures 4.5 and 6.3 which show the differences between normal and pé.ra—
hydrogen. Thus the differences are approximately twice as great for D/y as
they are for W, they first become significant at E/N~ 6 .xlf)_l9 and they disappear
completely at E/N~3 x 1077,

A discussion of the shape of the curves 6.3 and 6.4 can be
given in terms of the various collision processes occurring as was done in

section 4.5.
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- CHAPTER 7.

- DETERMINATION OF CROSS SECTIONS: : THEORY,

A detailed derivation and analysis of the Boltzmann equation

is beyond the scope of this thesis. The particular concern of this chapter is the
solution of the form of the Boltzmann:equation appropriate to electrons drifting
and diffusing‘through'a neutral background gas under the influence of (a) a
d.c. electric field, (b) and a.c. electric.field, or' (¢) mutually perpendicular d. c,
electric and magnetic fields.  The effects of elastic and inelastic collisions are
included. The fields considered are "weak" and collisions of the second kind
are excluded from the present analysis although an indication of how they could
be included is given.

- Before ‘discussing;the‘details.of the particular solution employed
a general form of the Boltzmann .equation:is presented. - It is then written:in a

form appropriate to the present problem and transformed to-a form amenable to

-solution.by numerical computation.

The method of solution and the basic computer program used are

‘based almost entirely. on the papers.of Dr. A.V. Phelps.and Dr.- A.G. Engelhardt

of the Westinghouse Research Laboratories. - Appropriate references are given

in the text below. Private communications from theéeauthors to Dr. . R. W.

- Crompton have also been of great assistance.

7.1 The Boltzmann: Equation,

The rigorous kinetic theory of gases is based on the knowledge of
the distribution function fi (r,c,t)for each of the species of particles present.
Here r is the radial distance from the origin, ¢ is'the velocity and f is

defined as in chapter 2.  The Boltzmann: equation describes the effect of applied

forces and collisions on.the distribution function.

Consider a single species of particles of number density n
and let f be position and time dependent. The definition of f requires that

at any time t the number of particles within the volume element dx dy dz and
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with velocity components between ¢ andc¢c +dc. ., ¢c andc +dc. , and
X X Xy y

¢ andc_ +dc , should be
z z z
nf(cx,cy,cz,x,y.,z,t) d_cxdcydczdxdy dz. (7.1)

If the law of distribution of f is known at time t ‘it is possible to
follow the motion of each group of particles and so to obtain f at the time t + dt,
and similarly at any subsequent tilﬁe. Thus f is determined for all time when

.its value is given at any one instant. It follows that n.f must satisfy a character-
istic equation of such a form that d/dt (n f) is given as depending on n.f. Further-
more, for a steady state, n f must satisfy an:equation which is derived from the
previous equation by putting d/dt (nf) = 0.

. Suppose the particles move in a field of force so that the components
of the force per unit mass acting on thqparticles are'_Fx ; Fy and.Fz, . Ifno
-collisions occur then at the end of the time interval dt the co-ordinates of each
particle will have increased by cX dt, cY dt and qz dt , while its velocity. components
will have increased by-»Fx dt, Fy dt and.Fz dt. Thus after an-interval d t, the
original particles will have velocities W1thm .a.small range d . d qy d c, surround-
ing the values 9x‘+_Fx dt, c_y- + Fy, dt, Qz’"" Fz,dt and co-ordinates lying within a
small element dx dy dz surrounding the point x + »cx dt, y:+»cy dt, z .+vcz dt. In
the absence of collisions these, and only these, particles were formerly in the
volume element dx dy dz about the point x, y, z and had veldcity components

cx , cy ) cZ . Hence, expressing this mathematically,
.nf(cx, cy, C oo X, ¥s 2, t) d_gzxdcy dqz dx dy dz
= nf(c +F_dt, ..., x+c _dt, ..., t+dt)dc _dc_dc dxdydz
X X X X y z

(7.2)

nf=nf +F dt, ..., x+c_dt, ... t+dt)
- X X X
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from which it follows that

9 9 9
— (@) = - { FX . s ve } (nf)
ot -9 Cy oz

A similar equation can be written for each particle type i in the gas.
Changes in n f are also brought about by collisions between the
particles.of type i with-themselves and with particles of type .j. The effect of
these collisions is to change the velocity of the particles and so remove them
from the element of velocity space under consideration. The "collision term"
which accounts for this term is, in general, complex. Itis, in effect, the sum
of N integrals where N is the number of different species.in the gas and each
integral gives the rate of change of f for species i caused by collisions with
particles of species j. If the collision term is represented as [ 8 (nf)/ ot ]co

11 9
then the equation which n f must satisfy is

9 (nf)

0 7] -0

9 c 9.z ot
X

ot

(7.4)

Equation (7. 4) is known as the Boltzmann equation.

7.2 Form of the Boltzmann Equation Appropriate to the Present Problem.

The energy distribution of electrons in a gas- subject to an electric

field has been treated by many authors,. e.g.. Holstein (1946), Margenaﬁl (1946)
and Allis. (1956). - The particular form of the Boltzmann equation derived by
Holstein (1946) is-Athe-form used in the present chapter, but once again a detailed
derivation is beyond the scope of this thesis. Holstein's derivation requires the
following conditions or assumptions:

(a) the electric field is uniform or is spatially uniform and of high frequency

(b) ionizing collisions are negligible compared to excitation collisions.

(c) the densities of electrons and excited molecules are low compared with

the density of unexcited molecules.
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(d) the elastic collision cross section isx)ery large compared with the inelastic
electron-molecule collision cross sections
(e) the mean free path for elastic collisions is small compared with the size
of the discharge region.
Holstein also assumed that the molecular velocities were zero
but the additional term to include the effect of the molecular velocity distribution
has been derived by Margenai‘: (1946) and by Allis (1956).
Following Frost and Phelps (1962) ,. the results of Holstein are
extended to include that of Margenaﬁ)‘ and to include the effects.of inelastic

collisions of the second kind thereby leading to the following form of the Boltzmann

equation:
2
: .2, 2
(S ANLIm @ Ty e ZRET 4ty 0f
3 de " Nq, de” M de Me de de

+ 12([ (e + Ek") f(e‘+~ek.) qu.(e +.'ek‘) - € f(e )qu.(e ) :l

+3 [(e e f(e-e INaq  (e-€ )-ef(e)Nag, (€ ):\ = 0
-+ (7.5)

This equation describes the motion of a.swarm of electronsvdr‘if,ting;.through‘ a gas
at temperature T under the influence of a uniform electric field E (V cm-l'v).

N is the gas number density , 4., (€ ) is the momentum transfer cross section
-for electron-molecule collisions.as a function of the electron.energy €, and

qk-( € ) is a rotational, vibrational or electronic excitation.cross section with an
excitation energy of € e The other symbols are e, the electronic charge,

m the electronic mass, M the“pnolecular:mass.and,k Boltzmann's constant.
The electron energy € isin eV sothat € = mcz/zé where -c.is the electron

-speed.

The term 2m kT _E_ <62"qu fj_ > is the one derived
de de

Me
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by Margenaﬁ (1946) to account for the molecular velocities. The last term in
equation (7.5) expresses the effect of collisions of the second kind in which
thermally excited molecules impart their energy of excitation to.the electrons.
It is assumed in the derivation of equation (7.5) that the gas density is sufficient-
ly high fof terms due to electron density gradients to be neglected.
- Each term in the equation has particular physical significance

in relation to the gain or loss of energy due to one of the processes being
considered. - Thus the first term represents the effect of the energy input to the
electrons from the field, the second the energy loss in elastic collisions, the
third the energy gain in elastic collisions, the fourth the energy loss in inelastic
collisions and the last the energy gain in inelastic collisions of the second kind.

' Although equation. (7.5) is written in terms of a d.c. electric
field E,. Allis (1956) has shown that for high frequency electric fields or mutually
perpendicular d.c. electric and magnetic fields, the électric field E may be

replaced by E€ where

2 _2

(E_)? = I (€) & (1.6)
q 7(6,)2 +<SZ > m
m N /2¢

When the applied field is a high frequency electric field of radian frequency

w, Q =f w. -In the case of mutually perpendicular d.c. electric and magnetic
fields, @ = e B/m where B is the magnetic field strength.

- Near thermal equilibrium the electron energy-distribution function
is'Maxwellian. - In-this case the energy lost in elastic collisions.is exactly
balanced by the energy gained in elastic collisions. - A similar situation exists
for inelastic collisions and it is possible to:write (Mitchell and Zemansky, 1934,

Frost and Phelps, 1962)

(e € )a, (e-€.) = exp(-ek,e/kT) €q (€)for e =e,

(1.7

thus showing that collisions of the second kind can be written in. terms of inelastic
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collisions of the first kind.

For computational purposes it is convenient to use normalized

variables. Equation (7. 5) is transformed using

z = ekT/e  0(z) =q (e)/g, n,, =Mq, (c)/@mq)

o = M(Ee )2

’6m NqokT

in which qa, is the value of qm at some reference energy.

This gives
f_[(a +ze>zﬂi+z29f]
dz 0 dz

+ 2 [(z+»zk)f(z+zk-) Nz +z ) -2z8@ 0 (2) ]

+ :i ‘ ["(z - zk) f(z- Zy ),‘n_k (2 —~zk) -z 1(z) n-—k'( z) :| = 0
V (1.8)
.On integrating (7.8) with respect to z and making use of (7.7) and the Boltzmann

relation for the relative population of excited states, the following equation is

obtained (Frost and Phelps, 1962) :

(_a_‘+z9>zif_ vzl 0f
e dz
z+zk ‘
+ES‘znk(z)[f(z)-exp(—:zk)f(z—zk)sz = cC
z y

- Sherman (1960) has shown the integration constant c is zero, i.e.
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(_oi + z-e> zZ _ii__f_ v 220t +
6 dz ‘

Z+Z
k

+§: gz nkv(z) [f(z)—exp(-zk)f(z—zk):\fdz = 0

Z

(7.9)

The approximation is now made that collisions of the second kind may be

neglected. This is a good approximation in hydrogen and deuterium at 779K

since the lowest rotational levels occﬁr at energies well above the thermal ‘

energy and will therefore be only slightly populated. - The currents used in the

present experiments are so small that the populatiori of excited levels due to

electron-molecule collisions is,complet‘elygnegligible. When collisions of the

second kind are neglected equation (7. 9) becomes

z+z, A
<__a_ + z.6>z i +.22 0f+.T. 51 -2 nk:i(z)‘f (z) dz. =
0 dz k2 '
. Two furtper substitutions, can:be'made
) = _%  (a+z6%@)
0.(z)
2
0 (2
g(2) 20 ) ,
a+26°(2)
l‘eading_tod f i+zk
h (z) [ __t+t g(@f(2) ] + i S. -z;nk\'(z) f (z) ,dg =
dz ’

Z

7.3 Solution of the Boltzmann Equation.

7.3.1 Conditions for Solution.

0 (7. 10)
- (1.13)
(1.12)

0 . (7.13)

The conditions for the solution of equation (7. 10) have been

examined by Sherman (1960). - He shows that a.solution. exists provided :
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(@ lm_ inf z™ 0(z) > 0

o) f(z) = 0

(c) gz f(z)dz = 1

(d)

zf(z)dz < o,

o—" ©

These mathematical conditions imply (Francey, 1966, private communication)
that 6 (z) and;nk»(z) > () ag z=->o, tha't f(z) is always a positive quantity and
that f (z) — 0 as z — «. . Solutions exist if the asymptotic behaviour of 6 (z)

is well behaved as z—+xji, e, 6(z) —=0. slowly for large z. - The normalization

off(z)lsf z? f(z)dz = 1,

7.3.2 -Principle of the Method of Solution.

The method of solution developed by Sherman relies on the fact
that at sufficiently high energies the distribution function is governed by the

elastic collisions, i. e. f(z) takes the form of equation (2..18 ).  Sherman writes:

f(z) = v (2)v (2) - (7.14)

where y (z) is the distribution function for: eleastic scattering and where v(z) = 1
for z = 6 and 0 is sufficiently large. . Starting with the known solution,. y (z),
at high energies, the solution £(z) is prolonged backwards to the origin by
solving equations involving the inelastic terms to find the value of v(z) at each
point.

The distribution functionuvf‘( Ve,),for: elastic scattering was given in

section 2. 3. 1 as

= aen {-{[ 2 ( D 53]';} .19

6m N qm € e
If equation (7. 15) is written in a normalized form consistent with equation. (7. 8)

and if, as in equation (7. 14), vy (2) is the normalized distribution function for

elastic scattering, then
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(7.16)

Z 2
y (z) = exp [ - y © /(,y)d-‘.y ]
o a+y € (y)

7.3.3 Solution Neglecting Collisions.of the Se’condA Kind,

Equation (7. 16) can be differentiated to give

dvy(z) 4 92 (z)

= - — v (2) C(7.17)
dz a+.z.0 - (z)

. If the substitutions

h (z)

(a+20° (2))
0 (2)

£ (2)

v (2) v (2)
are made in equation (7. 10) it becomes

h(z) v (z) Y 17 @ ih@yy @ VP . 22.0 (2) v (2) v (2)
dz dz ‘

Z+2Z
k

+>1£, S‘ z‘n_k_(z)v‘(z)'y (z)d z

z
Dividing throughout by h(z) v (z), equation (7. 18) becomes

0 | (7.18)

dvi(z , v dvy (@ V@

+ 22.0.(z)
dz v (2) dz L h (z)

ZAZ
'k

+ = z nk.,_(z) v (2) v (2) d.z
h (z) v (2) W

I
B

(7.19)

For convenience equation (7.19) is split into.two parts, one containing the first
three terms and the other the summation. - In the firsf three terms use is made
of (7.17) to give
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: iz 0.(z) v (2)

dve v  z00@yv@

dz v (2) a+z 92 (z) h (z)
or

dv(z) _ v(2)z 02 (@ . zz,e (z) v (2) 0 (2)

dz o+ z 62 (z) z ( qz+~z-6'2._(z) )

giving, finally, ‘
dv (z)

(7. 20) .
dz
Taking now the summation term of equation (7. 19),
Z+Z
1 k ,
ESanVMdeZ
Kk k
h (z) v (2) z
the substitution ' x = z-is made to give
1 »z+zk |
—_ Z \g xnk(x) v (%) v _(x)dx ‘ (7.21)
h(z)y (2 k
Combining the results (7. 20) and (7. 21),. equation (7.19) has become
2tz R _
dv@ , 1 5 S xn, @V Ey @dx = o (1.22)
W K 7 _
dz  h@y@ °

- Equation (7. 22) must be solved by numerical method_’s; - The mesh size for the

computation is taken to be h_, and the various values. of .z in the computation

mesh are represented by z; . The Valﬁes.of"zk:arenthen«.giv'en by’Nk.ho and the
value of 6 by N hO' ‘ ’ |
If equation (7. 22) is written in the form
dvi@) L s@ = o (7.23)
dz -

then
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i+
g 8- v (2) -V Iz
g 47 )
“i+1
= -§ 8(z) dz (7.24)
Zi-1 |

Applying Simpson's three point integration. rule to.the right hand side of (7. 24)
- I )+ 4 + 7.25
Vi) oy = - o ey v s e ) | 029
3
Re-arranging terms this becomes

‘h

v (Zi—l ) =V (Zi'l’l) + __9_ [S(Z:H_l) -+ 4S (zi) + s(zl-l) :| ’ (7' 26)
3
with zy+zy
s@) = f 5 VR x M )y @ dx @.2)
“ h(z,) v (z)

For convenience the function ¢ (x, zi ) is introduced, where

g'(x, 2 ) = X v (X) My x) v (x) (7. 28)

h(z,) v (%)

Using this definition

. 3" |
B (z,) =3 g ¢ (%, z.) (7.29)
1 k 7 1
i
Zi+1 Zi41% 2% Zi+1+%k
= Z{g ¢ (%, zi)d.x + g ¢ (%, zi)d.x—-S ¢(x,zi) dx}
k*~ Yz, 'z, z.¥7 :
i i+l ik

(7.30)

From the definition of ¢ (x, Zi)’ equation (7. 28),
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: _ XvX)n, & v
¢ Ax, zi+1) = , k

B (Z40) ¥ (Zy)

h(z;) v (%)

¢- (X, Zi) (7.31)
B 21y Y By

This last result and equation (7. 29) can be used to show that

Zi41+2) o Zit7y
zi""l ‘z- 1
h (z) v (z;) w

= B Y (3yy)

8. ,(zi+1) (7.32)
h (zi) Y (2)

Using equation (7.32), equation (7.30) can be re-written as

%i+1
sl_(zi) - b (zi+1) Y (z,i+1) s '(zi+1) + E S'-q;;(x, zi) dx
h (z;) v (z;) Zy
Zs +zk
sy Ak 2y dx - (7.33)

"The equationsvderive'd above allow the calculation of v(zi) by
the method of backward prolongation. The:values of v(zi) effectively give the
values of the distribution function since f,(Z-i) = rv.(zi) Y (zi) and the calculation
of y(zi) is straightforward. The high energy solution is v,(z:i) =1 for z, =0
and this is prolonged backwards to-lower energies, i.e. V-(z_i-l) is calculated in
terms of v(zi), V(zi-2) in terms of v. (Z:i-l) and.so.on.

However, inspection of equations (7. 26) and. (7. 27) shows.that
calculation of v (zi_l) requires:knowledge-of S"(zi-l) but this, in turn, requires
prior knowledge of v. (zi_l). A cyclic procedure is therefore used. - Knowing

v(zi+1) and v ‘(zi) a first approximation to v (zi_l) can be found by linear
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extrapolation:

) = V@) - (V) - vE))

2 V(Zi) -v( (7.34)

Y

The approximation to v. -(Zi-l) found from equation (7. 34) is used in equation
(7.33) to find the corrgsponding value-of s‘(zi_l») . The‘va,lue of s (zi_l) found in
this way is substituted in equation. (7. 26) to find a second approximation.to
V(Zi-l) and so on. Cycling between equations. (7. 26) and (7.33) is continued until
the difference between successive approximations to v -(zi-l) is a specified small
value (~1 part in 106).

The cyclic procedure is then repeated for v _(z_i_2) and so-on until

the values of v have been found at every mesh point in the computation.

7.4 Computation of Solution.

The steps involved in the complete calculation of the transport

coefficients from a trial set of elastic and inelastic cross sections are as follows:

(a) Select a trial value of 6. Experience shows that at a particular value of
E/N 6 should be, in general, about 7-8:times the corresponding value
of D/ .

(b) Select the appropriate number of mesh points and the mesh size so that
6 =N horand. Zy = Nk h(,' The mesh size should be chosen to be consider-
ably smaller than the first inelastic threshold so.that no loss of accuracy

-through a coarse-grained mesh is incurred. - At the same time the mesh

size should be chosen so.that each inelastic threshold occurs at an
integral number of times the mesh size. - In practice this is difficult to
achieve and a compromise value must be selected. - Experiénce shows
that the thresholds calculated from z = N _ho- should be within 1% of the

k "k

actual values of z,_for satisfactory results to be obtained.

k
(c) Use repeated application of Simpson's rule:to-calculate % (zi ) for

1 =i <N+ Nk (max). In practice computational efficiency is improved
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by rewriting the value of y (zi+1) in terms of y _(zi) as follows:

Z
ye dy
v(zi) { j; ]

a+ Ye ]
Zi+1
')’.(z.i_l_l):eXp[- 51 ]
0
Z4 Zi+1
e[ f ][]
Zi41 .
= 1y (z) exp [_ ) :‘ (7.35)
ool | ,

. Experience shows that a 6 point integration of the integral on the right

hand side of (7.35) is sufficient.

(d) Put V'(Zi) =1for i =N,  This corresponds tothe step v(z) =1 for z =6.

(e) Calculate the values of V(Zi) for 1 =i< N ising the cyclic procedure
outlined in the previous section. The integrations on the right hand side
of (7.33) are evaluated using the trapezoidal rule.

(f) Calculate the values of f(zi) = v(z, ) v (Zi)

- (g) Evaluate the transport integrals. - Equations (2. 27) and (2. 28) become,

- when written in the- normalized form of the computation (Frost and. Phelps,

1962) : _
D = z'ﬂ‘T/m)E ‘g 2 fz)daz (7.36)
3N q0 ° ¢
1
§ = e (2/kTm)* S‘ f(z) ( >d i

3 N.q0

©0

1
_ e (2/kTm)* g'z df 4, (7.37)

3Nq0 -0 dz
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(h) Adjust the value of & until the resultant change in the transport integrals

is satisfactorily small.

7.4.1 Computer Program.

The computer program used was based on one supplied by Dr.
A.G. Engelhardt (Engelhardt, 1963). Changes in this program have been made to

suit the requirements of the available computer.

7.5 Separation between Effects of Elastic and Inelastic Collisions.

Frost and Phelps (1962) introduced two combinations of transport
coefficients which effectively separate the effects of momentum transfer and
inelastic collisions. '

The first of these is the effective frequency for momentum transfer
on "elastic" collisions which is defined by

v, /N = ° -E/N (7.38)

m W

. In the special case when the true frequency of momentum transfer colligions is
constant, i.e. N qm (c) c is constant, equation (2.30) shows that the frequency of
elastic collisions is given exactly by equation (7.38). - In cases where'N qm(c) c
is not constant,. vm./N nevertheless remains:a good measure of the frequency of
elastic collisions.

The combinationl‘ of transport coefficients characteristic of
inelastic collisions was deduced by Frost and Phelps by writing the power balance
for an average electron. Thus the power input per electron due to the electric
field, e E W, is equal to the frequency of inelastic collisions times the fractional
energy exchanged per inelastic collision. -If D/ is taken as the measure of the

electron energy (section 2. 3.4) then

vu/N . EMW (7.39)

D/u - kT/e

Frost and Phelps called v the "energy exchange collision frequency'.
u ‘
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Frost and Phelps (1962) and Engelhardt and Phelps- (1963) have
confirmed the usefulness of the quantities vm/N and‘vu /N as defined above.
When vm/N and Yy /N were plotted as a function of D/u, these workers found that
a small change in the magnitude of a4, resulted in a proportional change in vm/N
but a much smaller change in the Vu /N v D/u curve. Some effect on the values
of Vu /N is expected because of the contribution of elastic scattering to the energy
loss of the electron. Similarly, small changes in the inelastic cross sections
produced proportional changes in the values of Va /N but did not alter the vm/N
v D/u curve. Further confirmation was provided by the fact that calculations
neglecting inelastic collisions yielded values of vm/N which were in excellent
agreement with the original vm/N v.D/u curve.

‘In the present investigation the quantities v.m /N and.vu /N were
used as aids in finding the required cross sections. However, the ultimate
comparison between the calculated and experimental results was made in terms of

the values of W and D/u at each value of E/N.
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CHAPTER 8.

DETERMINATION OF CROSS SECTIONS: RESULTS.

The techniques described in section 2.3.6 and in chapter 7 are
now applied to the problem of deducing cross sections for momentum transfer
and rotational and vibrational excitation in hydrogen and deuterium. In general the
initial values of the cross sections for such an analysis are based on previous
theory and experiment; in the present instance some of the values are taken to be
the momentum transfer and vibrational excitation cross sections deduced in an
earlier analysis by Engelhardt and Phelps (1963). It was pointed out in the
Introduction that it does not seem possible to infer unique values for the inelastic
cross sections directly from the experimental data. - An assumed inelastic cross
section can, however, be tested for consistency with the experimental data.
The theory of Gerjuoy and Stein (1955) for'rotational excitation of homonuclear
diatomic molecules is widely accepted, particularly when the polarization
correction of Dalgarno and Moffet (1962) is taken into account. The rotational
cross sections examined in the present analysis are based on their theory. The
same theory was incorporated in the'ahalysis of Engelhardt and Phelps (1963)
but the experimental data available were subject to both sysfematic and raﬁdom

errors to such an extent that no firm conclusions could be drawn from them.

8.1 Restrictions on the Range of Data Analysed.

Because collisions of the second kind are neglected in the present
treatment, only the data obtained fromy'rthé experiments performed at 77°K can
be analysed. At 2930K the thermal énérgy is sufficiently large for there to be
appreciable populations of excited rotational states even: in hydrogen and
deuterium and therefore collisions of. the second‘ kind must be taken into account.
At 77°K the populations of excited rotaﬁional states in these gases are very small
and it is essential to take into account. collisions of the second kind only when the
electron energy is less than the threshold energy of the first inelastié transition

(0. 045 eV in hydrogen, 0.023 eV in deuterium). Above the first inelastic
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threshold collisions of the second kind become less important because their

cross sections, which are initially small, continue to fall steadily whereas the
cross sections for inelastic collisions of the first kind rise rapidly to relatively
high values. The error incurred by the neglect of collisions of the second kind

is expected to be small for all energies above the first inelastic threshold and, in
the present investigation, to be entirely negligible for values of D/u greater than
0.08 volt.

The maximum value of D/u obtained in the 77°K measurements
in hydrogen and deuterium was about 0.5 volt which corresponds to a mean
electron energy of about 0.75eV. - As a result there are effectively no electrons
with energies above 3 eV (approximately) and no information about cross sections
at energies higher than this can be found from the present data. The approximate
energy range over which the cross sections can be deduced accurately from an
analysis of data in hydrogen and deuterium subject to the present restrictions is,

therefore, 0.08<D/u =< 3 volts.

8.2 Input Cross-Sections.

8.2.1 Momentum Transfer Cross Section,

- The same momentum fransfer cross section was used in hydrogen
and deuterium. It is expected (Gerjuoy and Stein, 19 55) that this cross section
will be the same in both gases. This expectation is confirmed by the results of both
Englehardt and Phelps (1963) and the present invesfigation.
The initial momentum transfer cross section used was identical
to. that of Engelhardt and Phelps. It was éubsequently altered as described below

to obtain a better fit to the experimental data.

8.2.2 Vibrational Excitation Cross Section,

The threshold for vibrational excitation occurs at 0,516 eV in
hydrogen and 0. 360 eV in deuterium (Herzberg, 1950). The initial and final
values of the vibrational cross section used were identical to those of Engelhardt

and Phelps.
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8.2.3. Rotational Excitation Cross Section,

The cross sections used for rotational excitation in hydrogen and
deuterium were based on the theory of Gerjuoy and Stein (1955), as modified by
Dalgarno and Moffet (1962).

Gerjuoy and Stein examined the problem of rotational excitation
by considering it to be the result of pure electric quadrupole interaction. Their
calculations were based on the Born approximation despite the fact that the
electrons are of very low energy. They argued that the principal contribution
to the cross section arises when the impact parameter is large and therefore
where the wave function is only slightly distorted from its incident form. This
argument leads to the inference that the Born approximation probably improves
with decreasing incident electron energy.

Gerjuoy and Stein found that the cross sections in which the

rotational quantum number J changes by p 2 were given by

2 2 1
GJ’J+2(€) - .(J+2)(J+1) 81 Q a [1_(4J+6)B0 ]2
(20 +3) @7 + 1) 15 ' €
(8.1)
J@ -1 grQ2a’ “-2)B %
%, 5-2 (€) ’ 0 [“ 2 ]
@3 -1) @3 +1) 15 e
8.2)

Here € is the electron energy in eV, Q is the electric quadrupole moment in
units of e aoz , ao is the Bohr radius, and B0 is the rotational constant of the
molecule,

In the collision for which the cross section is o the

J, J+2°
energy lost by the electron is

€; = (J+6)B (8.3)

The cross section rises rapidly near threshold and for large energies asymptot-

ically approaches a constant value.



130.

Equation (8. 2) gives the cross section for the collision of the

second kind in which the electron gains an energy of

€, = “JI-2B (8.4)

To obtain the effective cross section qJ J+2 () for rotational
’
excitation of molecules from the Jth to the (J+ 2)th level, the cross sections of
Gerjuoy and Stein must be multiplified by the fraction of molecules in the Jth

rotational level:

= P exp (- E;/KT) o} (8. 5)

, d+2

Here p 3 is calculated as in Appendix I and differs for hydrogen and deuterium

because of the difference in the nuclear spin,

P, = ?] Py eXp (- EJ/ KT) (8.6)
and
E. = J(J+)B 8.7

The value of Bo is 0.00754 eV for hydrogen and 0. 00377 for deuterium
(Herzberg, 1950).

In Appendix I the fractional populations for the rotational levels of
hydrogen, para-hydrogen and deuterium at 7 7°K are calculated. The results are
summarised in Table 8. 1.

Table 8, 1

Fractional populations of rotational levels at 77°K.

J= 0 1 2 3
Hydrogen 24,81% 75.00% 0.13% -
para-Hydrogen 99.46% 0.0% 0.54% -

Deuterium 57.21% 33.07% 9. 45% 0.26%
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Dalgarno and Moffett (1962) pointed out that although Gerjuoy and
Stein's calculations showed that coupling to other rotational levels of the molecule
was unimportant, the coupling to excited electronic levels should have been taken
into account. This coupling is due to the polarization interaction resulting from
the reaction of the bound electrons to the field of the much slower free electron.
If the polarization is taken into account the cross sections of Gerjuoy and Stein

should be multiplied by the factor fR (€ ) where

_ P (4e -€¢_) 9 2 _
_fR(E) = 1+ o . J + pa (2¢€ eJ) (8. 8)
€? 4
with
= Tley, - a,)
pa

1
24 Q R?

In equations (8.8) and (8.9), « I and o are the parallel and perpendicular
polarization constants of the molecule and R is the Rydberg constant.

The effect of the polarization correction is to allow the rotational
cross sections to rise steadily with increasing energy rather than to approach the
asymptotic value given by equation (8.1). The effective rotational cross section
for the J =0 to J = 2 transition in hydrogen is increased by about 10% near
threshold and by about 45% near the onset of vibrational excitation at 0.52 eV.

Only one form of rotational cross section has been examined in the
present analysis. This cross section was calculated from equations (8. 5)
and (8. 8) using the fractional populations of Table 8.1, The most recent and

reliable values of Q , « I and o , have been used. These values are :

Q = 0.49 , a, = 6.8 , o = 4,81

" L
(Sampson and Mjolness, 1965, based on the data of Kolos and Wolniewicz, 1964,
and Bridge and Buckingham, 1964). The same quadrupole moments and polar-

ization constants have been used in hydrogen and deuterium,
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8.3 Results and Discussion,

Inserting the inelastic cross sections described in the previous
section and the momentum transfer cross section of Engelhardt and Phelps,. the
calculated values of vm/N and vu/N for hydrogen were compared with those found
from the experimental values of W and D/pu . - The inelastic cross sections were
not altered in subsequent iterations because (a) in the case of rotational excitation
the aim was to provide an unambiguous test of the theory described above, and
-(b) in the case of vibrational excitation the results showed that the curves of
Engelhardt and Phelps were not significantly in error. The momentum transfer
cross section was, however, adjusted in successive iterations to obtain the best
possible fit to the values of vm/N. The»fiilal values of the cross sections in
hydrogen are shown in Figure 8.1, while a comparison between the experimental
and calculated values of W and D/u is shown in Figure 8. 2.

The same momentum transfer and vibrational excitation cross
sections and the same theory for rotational cross sections but with the appropriate
fractional populations from Table 8.1 were then used to predict the values of W
and D/u in para-hydrogen. The resulting comparison with the experimental data
is shown in Figure 8. 3. ,

Finally, the same momentum transfer cross section and theory of
rotational excitation have been used with the vibrational excitation cross section
of Engelhardt and Phelps to calculate the values of W and D/u in deuterium.,
Figure 8.4 shows the comparison between calculated and experimental values in
this gas. The cross sections used in deuterium are plotted in Figure 8.5.

It should be pointed out that the anomalies to be described in
subsequent paragraphs make any discussion of Figures 8.2, 8.3 and 8.4 compli-
cated. However these anomalies are expected to disappear when a later analysis
provides a more realistic form of the rotational cross sections.

Figure 8.2 shows a comparison of the calculated and experimental
values of W and D/p. in hydrogen at 77°K. The agreement between the calculated
and experimental values of W is excellent, the discrepancies being less than 3%

everywhere, This agreement is, of course, expected because of the way qm
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has been adjusted to give the best fit to. the values of vm/N or, through equation
(7.38), to the values of W. The agreement between the calculated and experi-
mental values of D/u is less satisfactory. In the energy range where rotational
excitation is of greatest importance discrepancies of up to 18% are observed.

The agreement with the experimental values at low energies suggests that
Gerjuoy and Stein's cross sections are not significantly in error in the near
threshold region. The agreement between the calculated and experimental
values of D/u is also quite good above 0.35 eV. . In this energy range the values
of D/y are largely controlled by the cross section for vibrational excitation which
is much larger than the cross sections for rotational excitation. The vibrational
cross section used was deduced by Engelhardt and Phelps from values of W

and D/u corresponding to 5 < .-E'/p2 93 < .20 (approximately) where the measure-
ments of W and D/u are less subject to experimental difficulties and there is
general agreement among the resulfs of most experimenters. - Since the present
experimental data are in general agreement with the earlier data in this range of
E/p it is not surpriging that the vibrational cross section deduced by Engelhardt
and Phelps should also lead to good agreement between: the calculated and experi-
mental values of D/i in the present investigation,

- The momentum transfer cross section shown in Figure 8.1 is
probably too small between 0.2 and 0.6 eV. The small values of qm at these
energies result from the way in which qm- was adjusted to force agreement between
the calculated and experimental values.of ym/N . If a rotational cross section which
gives better agreement with the experimental values of D/u can be used in a later
analysis, a smoothly rising curverfor'qm. should result. - Later analyses should
not signifi'ca}ntly alter the 4 curve shown in Figure 8.1 above 0.6 eV or below
0. 1 eV. . Above 3 eV the present curve has been smoothly comected to that of
Engelhardt and Phelps.

Figure 8.3 shows a comparison of the calculated and experimental
values of W and D/i in para-hydrogen at 77°K. A discussion of these curvés
is essentially similar to that for normal hydrogen. The agreement of the values

of W and the disagreement of the values of D/u at intermediate energies are
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of exactly the same order as in normal hydrogen. The importance of the para-
hydrogen results in a future analysis to-determine more realistic rotational
cross sections is discussed below,
A comparison of the calculated and experimental values of W and

D/p in deuterium at 77°K is given in Figure 8.4. It is seen that the agreement
between the values of W is good except in the energy range where qm is thought
to be too small. If the smoothly rising curve for 9, suggested above were

used the calculated values of W would be lowered and the agreement with the
experimental data greatly improved. This lowering of the values of W would be
accompanied by an increase in the values of D/u; the disagreement between the
calculated and experimental values of this quantity would then be of the same
order as it is in hydrogen and para-hydrogen. - At energies in the vicinity of the
-vibrational cross section the agreement between the calculated and experimental
values of D/u is again quite good. - As in hydrogen, this is a reflection of the
accuracy of the cross section derived by Engelhardt and Phelps and of the
comparative ease of measurement of the required values of W and D/u . At very
low energies the calculated values of D/u fall below the experimental curve. This
is due to the neglect of collisions of the second kind which are more important
in deuterium than they are in hydrogen. - This can be seen fron; equations (8. 1)
and (8. 2) and Table 8. 1, - The ratio.of the energy-independent J terms of the
equations is 1/5 for the 2,0 and 0, 2 transitions, while from Table 8. 1 the ratio
of the populations of the J =2 and J =0 levels is ~ 4 x 10_3 for hydrogen and
~ 0,15 for deuterium, Thus, neglecting the polarization correction, in the

high energy limit the ratib of 9 o toq is~ 10-3 for hydrogen but ~~» 0,03

0,2
for deuterium,

To summarise, it is clear from the above discussion that (a) the
rising part of the vibrational cross sections derived by Engelhardt and Phelps
for hydrogen and deuterium is not significantly in error,‘ (b) a suitable variation
of q, can be found, and (c) Gérjuoy and Stein's theory of rotational excitation
is not consistent with the experimental results although it was shown during the

course of the analysis that the inclusion of the polarization correction of Dalgarno
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and Moffett leads to a better fit to the experimental data. If no polarization

correction is included the rotational cross sections are smaller and the calculated

values of D/u are higher, i.e. in poorer agreement with the experimental results.

Cross sections which rise more rapidly with energy than those shown in Figures
8.1 and 8.5 would seem likely to give a better fit to.the experimental data. Such
cross sections have been proposed by Sampson and Mjolness (1965) and
Takayanagi and Geltman (1965) both of whom use distorted wave calculations,

Engelhardt and Phelps were able to obtain a ''satisfactory" fit to
the previously available experimental data by the use of a simple scaling factor
with Gerjuoy and Stein's cross sections. Trial calculations of this type in the
present investigation suggest that it would be possible to obtain a fit to the values
of D/u to within 5 - 7% everywhere, but only at the expense of nowhere having
agreement to within the experimental error of t 2%. Although Engelhardt and
‘Phelps were justified in using this approach with the data of Warren and Parker
(1962) which are subject to systematic and random errors of at least b 5%,
further investigation along these lines does not appear profitable with the accurate
experimental data provided by the present experiments.

A comparison between the momentum transfer cross section of the
present analysis and that of Engelhardt and Phelps is given in Figure 8. 6.  As
explained above, the present curve is not expected to be altered by more than a
few percent by later analyses with a better rotational cross.section, except in the
range 0.1 to 0.6 €V where the present values are thought to be too. low. The
vibrational cross sections of the present analysis are identical to those of
Engelhardt and Phelps. - A comparison between the rotational cross sections is
‘not useful since the present analysis shows that neither cross section is valid,
The electric quadrupole moment used by Engelhardt and Phelps was 0.473 e ao2
and their rotational cross sections were therefore smaller than those used in the
present analysis by approximately 7%. The valueof ( @, - « 1) used by them
was apparently smaller than that used in the present calculation because in their

case the polarization correction increases Gerjuoy and Stein's cross section by
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30% at 0.52 eV instead of the 45% found using the present values of o , and
o, .
An error in equations (14) and (15) of Engelhardt and Phelps's
paper should be noted because it appears responsible for their use of incorrect
fractional populations for the rotational levels of deuterium., Table 8.1, which
is based on formulae set out in Appendix I, shows that the fractional populations
of the J =0 and J = 1 states in normal deuterium are approximately 57% and
33%. The high energy limit of the square bn‘acket term in equafion (8. 1) is unity,
whereas the energy independent J term of this equation is 2/3 for the J = 0, 2
transition and . 2/5 for the J =1, 3 transition. If the polarization correction is
neglected, the high energy limits of the 0,2 and 1,3 cross-sections of deuterium
are therefore in the approximate ratio of 3 : 1. - Since the 0, 2 transition has the
lower threshold energy and the larger cross section at high energies, the curves
for qo’ 9 and ql’ g can never cross in deuterium as they do-in -hydrogen. This
statement should be contrasted with Figure 2 of Engelhard<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>