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SUMMARY,

When electrons d rift and diffuse through a gas under the influence 

of an e lec tric  field, the energy received  from  the field by the electrons is  

tra n s fe rre d  to the gas through the e lastic  and in e lastic  collisions which occur. 

The c ro ss  sections for these p ro cesses  can be deduced from  accu ra te  values 

of the e lectron  d rift velocity, W, and of the ra tio  of diffusion coefficient to 

m obility, D /jz .

In this th esis  the experim ental techniques n ecessa ry  for accu ra te  

m easurem ent of W and D / \x  a re  described . These techniques have been

applied to hydrogen and deuterium  at 293°K and 77°K to yield data for W and
—20 —lfi 2

D/ji when 2 x 10 ^  E/N < 1  x 10 V cm .

An im portant p a rt of the investigation was the development of a 

method for p reparing  pure  para-hydrogen and the subsequent m easurem ent of 

W and D / n  in this gas at 77°K. There have been no previous m easurem ents 

of electron tran sp o rt coefficients in para-hydrogen . The differences in the 

values of W and D/jz in hydrogen and para-hydrogen  c lea rly  dem onstrate  the 

influence of the difference in the s ta tis tica l weights of the ro tational levels 

in the two gases.

The num erical techniques used to deduce the re levan t c ro ss  sections 

from  the experim ental data a re  described . When e lastic  and ine lastic  co llisions 

occur the electron energy d istribution  m ust be calculated from  a num erical 

solution of the Boltzmann equation. D etails a r e  given of a solution of the 

Boltzmann equation when collisions of the second kind between electrons and 

excited gas m olecules a re  neglected. The re s tr ic tio n s  placed on the p re sen t 

analysis by the neglect of collisions of the second kind a re  d iscussed .

In the in e rt gases at energ ies well below the f i r s t  excitation th re s ­

hold it is  possib le  to infer the momentum tra n s fe r  c ro ss  section d irec tly  from  

the experim ental data. In such cases  the derived  c ro ss  sections a re  unique and 

the ir accuracy  depends ultim ately  only on the p rec isio n  of the experim ents.



In m olecular gases at all energies th e re  a re  difficulties in obtaining a unique 

set of e lastic  and ine lastic  c ro ss  sections which a re  consistent with the 

experim ental data. Although it does not appear possib le  to in fer the ine lastic  

c ro ss  sections d irec tly  from  the values of W and D/f.i , it is  possib le  to 

proceed in the forw ard direction by testing  an assum ed ine lastic  c ro ss  section 

fo r consistency with the experim ental data. The accuracy  of the p resen t 

re su lts  allows such te s ts  for consistency to be m ade free  from  any ambiguity 

due to spread  in the experim ental data. At the sam e tim e the use of p a ra -  

hydrogen, in which only one ro tational level need be considered at 77°K, 

provides an opportunity to deduce a unique c ro ss  section for rotational 

excitation.

The theory of Gerjuoy and Stein for ro ta tional excitation of diatom ic 

hom onuclear gases is  widely accepted, p a rticu la rly  when the polarization  

co rrection  of Dalgarno and Moffett is  taken into account. The analysis p r e ­

sented in chapter 8 shows that th is theory  is  not consisten t with the experim ental 

data, although the inclusion of the polarization  co rrec tion  does lead to b e tte r 

agreem ent between the calculated and experim ental values of W and D//j, . The 

c ro ss  sections for vibrational excitation deduced in an e a r lie r  analysis by 

Engelhardt and Phelps a re  found to be consistent with the p re sen t experim ental 

data. The momentum tra n s fe r  c ro ss  section found from  the p re sen t analysis 

is  the sam e for all th ree  gases but d iffers appreciably  from  that deduced by 

Engelhardt and Phelps.

Suggestions a re  made for future analyses to determ ine m ore 

re a lis tic  ro ta tional excitation c ro ss  sections. The p a rticu la r im portance of 

the para-hydrogen data in determ ining a unique c ro ss  section fo r th is p ro cess  

is  discussed.

In P a r t  B of the thesis  a descrip tion  is  given of the extension of 

the Town send-Huxley la te ra l diffusion method of m easuring  D/ju to electron 

energies w here ionization and the em ission of secondary e lec trons m ust be 

taken into account. R esults in hydrogen at 293°K for 10 ^  E /p  ^  100 V cm 

to r r  * a re  given and com pared with the re su lts  of other w orkers. 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 l .

INTRODUCTION

C ross sections for the e lastic  and in e lastic  collisions between 

electrons and gas m olecules can be determ ined in a num ber of ways. The exten­

sion of these  data to energies le s s  than 1 eV is of p a rticu la r im portance since 

many in teresting  p ro cesses  such as the excitation of ro tational levels in m olecular 

gases occur in this energy range.

M easurem ents of c ro ss  sections at energ ies above 1 or 2 eV have 

been made since the 1920's and 1930’s when beam  techniques for studying collisions 

between p a rtic le s  of closely controlled energy w ere introduced (e. g. R am sauer and 

Kollath, 1932, Tate a»d Smith, 1932). Experim ental d ifficulties have so fa r  p r e ­

vented these techniques being extended to energ ies below 0.3 eV (Bändel and 

Golden, 1965).

The alternative  techniques which a re  a lso  useful at much low er 

energ ies have an even longer h isto ry , dating back to the pioneering experim ents of 

Townsend at the beginning of the century. The c lass  of experim ents introduced by 

Townsend a re  known as sw arm  experim ents since the quantities m easured  a re  the 

average p ro p ertie s  of a sw arm  of p a rtic le s . Until recen tly , data from  th is type 

of experim ent w ere subject to considerable experim ental e r ro r  and could be 

in te rp re ted  only in te rm s  of various m ean quantities. Advances in both ex p eri­

m ental techniques and in the analysis of the data have im proved sw arm  techniques 

to the point w here the accuracy  of the derived c ro ss  sections is  often higher than 

that obtainable in beam  experim ents. With the use of im proved techniques and a 

b e tte r understanding of the fac to rs  lim iting the accuracy  of experim en ts of th is 

kind, experim ental data with an e r ro r  of le ss  than 1% can be obtained (Crompton 

and Jo ry , 1962, Lowke, 1963, Crompton and E lford, 1963). At the sam e tim e, 

m odern high speed com puters have enabled these  data to be used in conjunction 

with m ore rigorous form ulae to give the tru e  energy dependence of the c ro ss  

sections.
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In very recen t tim es sw arm  data have been the subject of complex 

m athem atical analysis , as for exam ple in the papers of Phelps and his colleagues 

a t the W estinghouse lab o ra to ries  (F rost and Phelps, 1962, Engelhardt and P helps, 

1963) and of Crompton and Jo ry  (1965). These papers show that sw arm  techniques 

a re  capable of yielding re su lts  of reasonab le  energy resolution and th e re fo re , in 

certa in  c ircum stances, allow a d irec t com parison of the re su lts  of sw arm  and 

beam  experim ents. Unfortunately the data on which som e of these analyses have 

been based have not w arranted  the complex m athem atical trea tm en t to which they 

have been subjected and many of the c ro ss  sections m ust be re -d e te rm in ed  from  

accu ra te  sw arm  data.

In the in e rt gases at energ ies well below the f ir s t  excitation th re s ­

hold it is  possib le  to infer the momentum tra n s fe r  c ro ss  section d irec tly  from  

the experim ental data. In such cases the derived c ro ss  sections a re  unique and 

th e ir  accuracy depends ultim ately  only on the p rec ision  of the experim ents. The 

validity of the re su lts  can be checked when data from  severa l types of sw arm  

experim ents a re  available. Crompton and Jo ry  (1965) have achieved considerable 

success by applying th is technique to th e ir own experim ental re su lts  for helium , 

but no data of sufficient accuracy a re  available in the o ther in e rt gases.

In the m olecular gases, w here e lastic  and ine lastic  collisions 

occur at all energ ies , the re su lts  obtained have been le ss  satisfac to ry , due la rg e ly  

to the inadequacy of the available experim ental data but due also  to the d ifficulties 

in obtaining a unique se t of e lastic  and ine lastic  c ro ss  sections which a re  co n sis ­

tent with the data. It does not appear possib le to in fer the ine lastic  c ro ss  sections 

d irec tly  from  the experim ental re su lts  and i t  is  s im p ler to proceed in the forw ard 

direction by testing  an assum ed form  of the ine lastic  c ro ss  section for consistency 

with the experim ental data. However the p rim ary  difficulty with previous analyses 

has been the insufficient accuracy  of the experim ental data. F or example, 

Engelhardt and Phelps have analysed sw arm  data in hydrogen and deuterium  

over a wide range of energ ies but w ere unable to find a single form  of the ro tational 

c ro ss  section which was consistent with the available data in both gases. M oreover, 

the very la rge  sc a tte r  in the experim ental data m eant that in either gas they w ere



3 .

unable to distinguish between sev era l tr ia l  form s of the c ro ss-sec tio n .

The p resen t work aim s at overcom ing some of these d ifficulties by 

using experim ental techniques of proven accuracy to obtain data in hydrogen, p a ra -  

hydrogen and deuterium  with an accuracy  of -  2% or b e tte r. These data a re  then 

used to te s t a particu la r theore tical form  of the ro tational excitation c ro ss  section; 

the re su lts  of th is te s t  a re  free  from  any ambiguity due to spread  in the experi­

m ental data. C ross sections for momentum tra n s fe r  and vibrational excitation 

a re  obtained from  the sam e analysis.

Hydrogen is  the best of the hom onuclear diatom ic gases to study 

for at le a s t th ree  reasons. F irs tly , the hydrogen m olecule is the sim plest 

diatom ic m olecule and has been the subject of the g rea te s t num ber of theoretical 

investigations. Secondly, because of its  sm all m ass its  ro tational c ro ss  sections 

a re  both sm all in num ber and widely spaced in threshold; th is m akes the in te r ­

p reta tion  of the experim ental data considerably ea s ie r . Thirdly, the use of 

para-hydrogen, which differs from  norm al hydrogen only in the s ta tis tica l 

weights of the ro tational levels (see Appendix I), provides a unique opportunity 

for a stringent te s t of any theore tical ro tational c ro ss  sections.

Finally, the experim ental techniques for handling deuterium  gas 

a re  identical to those for hydrogen and it is  th e re fo re  a sim ple m atte r to include 

it in the experim ental p rogram . Since the momentum tra n s fe r  c ro ss  section in 

deuterium  is expected to be very s im ila r to that in hydrogen and since the 

ro tational c ro ss  sections in the two gases should have the sam e form , a fu rther 

opportunity to te s t the consistency of any theo re tical trea tm en t appropria te  to 

hydrogen is p resented .

Before proceeding to d iscuss the p re sen t investigation it is  im ­

portan t to understand the com plem entary na tu re  of the two experim ental techniques 

(i. e. beam and sw arm  experim ents) and the lim itations of each. F urtherm ore , 

it  is  essen tial that what is  m eant by the various te rm s  used in the d iscussion  be 

made as p rec ise  as possib le, and for th is reaso n  the following section is  devoted 

to the introduction and definition of the fundamental concepts and quantities.
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1.1 Basic Concepts

1 .1 .1  Types of C ollisions.

When two p artic les , such as an electron and a gas m olecule, collide, 

th e ir  total energy can be red istribu ted  in a num ber of ways, each being typical of 

a p a rticu la r type of collision. In an e lastic  collision th e re  a re  no in ternal changes 

of energy of the colliding p a rtic le s . When in ternal changes of energy occur at 

the expense of the total kinetic energy of the collision p a rtn e rs , the collision is  

said  to be inelastic ; the collision may re su lt in an electron of the m olecule being 

excited to a higher energy state  o r, if the energy exchange is  la rg e  enough, to its  

com plete separation  from  the atom ic s tru c tu re  i. e. ionization. A collision of 

the second kind is one in which som e of the in te rna l energy of one of the p a rtic le s  

is  converted to kinetic energy shared  by both the collision p a rtn e rs .

1 .1 .2  Collision C ross Sections.

The c ro ss  section is  basica lly  a m easu re  of the probability  that a 

given reaction  will occur under given conditions. I ts  value depends on a num ber 

of fac to rs for each p a rticu la r collision considered; these include the natu re  of 

the p a rtic le s , the mutual velocity of approach and the d istance of c lo sest approach 

during the encounter.

C onsider a para lle l beam  of m ono-energetic  p ro jec tile s , the flux 
2

being proj ec tiles  per cm per second. The beam  is  d irec ted  along the z -ax is  

tow ards the origin of the co-ordinate system  w here th e re  a re  c lustered  

ta rg e t p a rtic le s . A finite size is  a scribed  to the ta rg e t p a rtic le s , but the p ro ­

jec tiles  a re  considered to be point p a rtic le s . I t is  assum ed that only e lastic  

sca tte ring  occurs and that the num ber of ta rg e t p a rtic le s  is  sm all enough for no 

p a rtic le  to be shielded by another and for no p ro jec tile  to be sca tte red  m ore than 

once.

Let dfi be the elem ent of solid angle whose position is  specified

by the spherical po lar co-ordinates 0 and <j>. Let N (0, <j>) dfi be the num ber of
s

p ro jec tiles  sca tte red  into dfi per second.

Then Ng (0 , 4>) d S2 is  p roportional to dfi and, in serting

I (0, cj>) as the constant of proportionality , 
s
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N ( 0 , <t> ) dß  = I ( e, <t> ) N N dß s s p t

= d l  ( 0, 4>) N N (1.1)s p t ' '

The quantity d I (0 , <j>) = I (0, <j>) dß  is  defined as the d ifferential m ic ro -S S '
scopie e lastic  sca tte ring  c ro ss  section.

Since

d l g ( 0 ,  < \ > )

N (0 , <b) dß s

N N 
P t

( 1 . 2)

2
the c ro ss  section has units of cm per ta rg e t p a rtic le  and is  often regarded  as 

the a rea  p resen ted  by each p a rtic le  fo r sca tte rin g  of the p ro jec tile s  into the 

elem ent of solid angle dß .

In terg rating  over all d ifferentia l m icroscopic c ro ss  sections we

obtain

qg = J d l s (6, Q

= J  J  Ig (0, <J>) dß

and therefo re ,
2n 2nr* r*

q = \ \ I (0, 4>) sin© d 0 dc|>
s J )  J q s

(1.3)

qg is defined as the total m icroscopic e las tic  sca tte rin g  c ro ss  section. It 

rep re sen ts  the a re a  p resen ted  by each of the ta rg e t p a rtic le s  for sca tte ring  into 

the solid angle 47r s terad ians.

M icroscopic c ro ss  sections a re  usually  expressed  in units of cm
2 —16 2 ~8or of 7T a = 0. 88 x 10 cm w here a = 0. 53 x 10 cm is  the rad ius of o o

the f ir s t  Bohr o rb it of the hydrogen atom.

A m acroscopic c ro ss  section may be found if the ta rg e t p a rtic le s  

a re  now considered to be d istributed  throughout a volume with a density of N
3

ta rg e t  p a rtic le s  p e r cm . It is  s till assum ed that any e lastic  collision rem oves 

a p ro jec tile  from  the beam. If I, the in tensity  of the p ro jec tile  beam  at the
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point x, is  reduced by d I in trav e rs in g  the d istance dx, then

d I = -  I N q  dx (1.4)

If I = I at x = 0 o

I = I exp ( -  N qg d x ) (1. 5)

Q_ = N q is  called  the m acroscopic c ro ss  section fo r e lastic  sca ttering , s s ' **■
It is  c lear that although the above definitions a re  for e lastic  

sca tte ring , the collision c ro ss  section concept can be applied to other types of 

collision. The te rm  q. denotes the c ro ss  section for sca tte ring  of the i th 

type.

In the experim ents to be described  la te r  in th is th e sis , the c ro ss  

section of im portance in e lastic  sca tte rin g  is  not q ^ as  defined above, but q ^  

the diffusion or momentum tra n s fe r  c ro ss  section. Before proceeding to 

estab lish  the rela tionsh ip  between these two it should be pointed out that in any 

collision the positions and velocities of the p a rtic le s  m ust be expressed  in a 

p a rtic u la r  fram e of re fe rence . I t is  obviously m ore  convenient to make m easu re ­

m ents in the labora to ry  fram e of re fe ren ce  i. e. the fram e of re fe ren ce  of a 

labora to ry  o b serv er. However in the analysis of co llisions it  is  often convenient 

to specify the position of the p a rtic le s  with re fe ren ce  to the C entre of M ass 

system  which is  one which moves with re sp ec t to the labora to ry  system  in such 

a way that its  orig in  is always coincident with the cen tre  of m ass of the colliding 

p a rtic le s . G eneral re la tions between the two system s can be derived (McDaniel, 

1964, chapter 1) so that the n ecessa ry  tran sfo rm a tio n s  can be m ade.

C onsider, in the C entre of M ass system  of co -o rd inates, a 

collision between an electron of m a ssm  and a gas m olecule of m ass M. The 

e lectron  has lin ea r momentum equal to M^vq before  the collision, w here M^ is  

the reduced m ass  of m and M ( = m M / (m + M)) and vq is  the re la tiv e  velocity 

of approach. If the electron is  sca tte red  through an angle 0 in the C entre  of M ass 

system , then it su ffe rs  a change in its  forw ard m om entum  of M^v^ (1 -  cos 0). 

The diffusion c ro ss  section is  defined by the equation
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qD = j* (1 - c o s e ) i8 ( e ) d n C o f M
7r

= 2 7T \ I ( 0 ) ( 1 -  cos 6 ) sin 0 d 0 (1.6)J0 s

where I ( 0 ) d M is the differential scattering cross section in the Centre

of Mass system.

Since q 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 ; 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 q is independents
of 0 , i. e. the scattering is isotropic, then q = q . If backward scatteringm s
predominates then q > q , whereas the reverse is true if most of the scatter-m s
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 range 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

dN = (4 Nq /  7T 2 ) (M/2kT) '  exp ( - MC /2kT ) C d C (1.7)

Nq being the total number of molecules, T the gas temperature and k Boltzmann’s 

constant.
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Considering each velocity C as made up of th ree  m utually perpen­

d icu lar components and , the distribution function f(C )is defined such

th a t , of the to tal num ber of m olecules, the num ber dN whose components of

velocity lie  between C and C + d C , C and C + d C , C and C + d C isx x x y  y y z z z

N f (C) d C d C d C: . o ' ' x y z

That is , the product Nq f ( C ) is  the density of rep resen ta tiv e  points in velocity 

space. Since th e re  a re  no p re fe rre d  d irections of velocity

2
dN = Nq f(C) 4 7TC d C.

If a cloud of free  electrons is  re leased  into th is gas an equilibrium

is  once m ore established with \  me = \  MC , w here m and c re fe r  to the

electrons and the bar m eans that the quantities a re  averaged over all velocities.

The velocities a re  s till d istribu ted  according to M axw ell's law and since the

distribution  is  sym m etrical, the mean velocity c ( o r  C ) is zero.

When an e lec tric  field is  applied the e lectrons a re  acted upon by

a fo rce and th e re fo re  receive  power d irec tly  from  the field. The m olecules

rem ain  unaffected by the field and a new equilibrium  is  established in which 
~2 ~2i  me > \  MC , the speeds c a re  no longer d istribu ted  according to M axwell's 

law and the mean velocity c is  no longer zero . Thus, in addition to the p ro cess  

of diffusion which takes place with or without the field (but is  modified by it), 

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

a whole so that its  centroid moves with a d rift velocity W p a ra lle l to the e lec tric  

field.

Diffusion of the p a rtic le s  a r is e s  from  th e ir  random  motion and 

causes a change in any non-uniform  distribution  of num ber density. The 

diffusion coefficient D is  defined such that, if n is  the concentration of p a rtic le s  

p e r unit volume, the net tran sp o rt of p a rtic le s  a c ro ss  a su rface  of a rea  d 6 is

-  D grad n . d S.

If the gas is  one in which no e lectrons attach to gas m olecules,
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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 a re  sufficient to d esc rib e  the behaviour of the electron 

cloud. The d rift velocity and the diffusion coefficient a re  known as tran sp o rt 

coeffic ien ts.

Additional tran sp o rt coefficients a re  needed to d esc rib e  the 

behaviour of the electron swarm  in the p resen ce  of a m agnetic field  and when 

ionization and attachm ent occur; these  coefficients will be introduced as needed 

la te r  in th is th esis .

1. 2 Methods of Studying Electron-M olecule C o llisions.

1 .2 .1  Beam Experim ents.

The m ost d irect way to investigate e lectron-m olecu le  collisions 

is  to allow a beam  of m ono-energetic e lec trons to gollide with the ta rg e t gas 

m olecules. The electrons a re  made m ono-energetic  by som e type of energy 

f il te r  or analyser and the ta rge t gas p re s su re  is  sufficiently  low that only single 

collisions a re  possib le in the reaction  cham ber, i. e. once an e lectron  undergoes 

a collision it is  sca tte red  out of the beam  and th e re  is  no possib ility  of a fu rth er 

collision d irecting  it back into the collecting device.

The electron beam  en ters  the cham ber with a known in tensity  

and em erges with its  intensity reduced by the lo ss  of e lec trons which have made 

collisions and whose momentum has th e re fo re  been changed. The num ber of 

e lectrons lost by sca ttering  allows a d irec t m easurem ent of the total sca tte rin g  

c ro ss  section for electrons of a given energy and the in te rp re ta tion  of the re su lts  

is  th e re fo re  re la tive ly  easy. Beam s with energy sp read s  of as little  as 10 mV 

can be obtained and, since this m eans that e lec trons have v irtually  d isc re te  

energ ies, it is  possib le  to examine phenomena fo r fine s tru c tu re  e. g. resonances 

in the e lastic  sca tte rin g  c ro ss-sec tio n .

Several modifications to th is technique a re  used to determ ine 

ine lastic  c ro ss  sections. For instance, a homogeneous beam  of e lectrons of 

known and variab le  energy is passed  through the gas, causing atom s or m olecules 

to be ra ised  to higher energy s ta tes . M easurem ents of the rad iation  resu lting
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from  de-excitation of these atom s and m olecules allow the determ ination of the 

excitation c ro ss  sections as a function of the e lec tron  energy. Another method, 

applicable to m etastable as well as ord inary  excited s ta tes , is  to pass the beam  

of e lectrons through the gas and to collect the ine lastica lly  sca tte red  e lec trons.

The energy lo sses  a re  c h a rac te ris tic  of the excitation p ro cesses , and m easurem ent 

of the energy spectrum  of the sca tte red  elec trons provides inform ation on these 

p ro cesses . The technique of "c ro ssed  beam s" of ta rg e t m olecules and p ro jec tile s  

is  useful for examining collisions with unstable atom s or m olecules, e. g. for 

examining e lectron-atom ic hydrogen collisions. A survey of recen t experim ents 

using a ll these  techniques is  given in chapter 5 of "C ollision Phenomena in 

Ionized G ases" (McDaniel, 1964).

1 .2 .2  Lim itations of Beam Techniques.

T here  a re  many difficulties in the application of beam  techniques 

to low energ ies due to the problem s of obtaining adequate beam  cu rren t and to the 

p resence  of s tray  fields due, for exam ple, to unknown contact potential d ifferences 

within the cham ber. At very  low energ ies contact potential differences may be 

com parable with the applied voltages and a calib ration  of the energy sca le  becom es 

n ecessary . The appearance potentials for the positive  ions of one of the r a r e  

gases which a re  accurately  known a re  frequently  used fo r th is purpose. At 

lower energ ies ( < 2 eV) th e re  a re  no p ro cesses  which can be used to ca lib ra te  

the energy scale  accurately , although th e re  have been som e attem pts to u se  the 

resonance capture c ro ss  section of sulphur hexafluoride (see , for exam ple, 

Compton et a l . , 1966. These authors finally used  a sw arm  experim ent to calib rate  

both th e ir energy and th e ir  c ro ss  section sca les  -  see  1. 2. 4). These lim itations 

r e s tr ic t  beam  m easurem ents in general to a little  le ss  than 1 eV, although 

reasonably re liab le  data have been obtained for e lec tron  energ ies as low as  0.3 eV.

As well as the d ifficulties in the calib ration  of the energy scale , 

th e re  can be quite la rg e  (and, until recen tly , la rg e ly  unsuspected) e r ro r s  in  the 

actual magnitudes of the c ro ss  sections m easured . These e r ro r s ,  which can 

easily  amount to 10 or 20%, a re  due to the d ifficu lties of absolute p re s su re
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m easurem ent at the very low p re s su re s  which m ust be used to m eet the Mthin

ta rg e t” conditions described  in 1 .1 . 2. The p re s su re s  used a re  usually  of the 
-3 -4o rd er of 10 to 10 to r r  and a re  m easured  with a trapped McLeod gauge. In 

th is  p re s su re  range a trapped McLeod gauge can give e r ro rs  of tens of percen t 

because of the Gaede pumping effect (see, for exam ple, Ish ii and Nakayama, 1961); 

sm a lle r e r ro rs  can also be caused by the therm al tran sp ira tio n  effect. A useful 

sum m ary of these e r ro rs  is  given in K eller, M artin and McDaniel (1965).

Thus it can be seen that although beam  experim ents appear to offer 

the m ost stra igh tfo rw ard  m eans of m easuring  c ro ss  sections they a re  subject to 

experim ental difficulties a t a ll energ ies and have a low er energy lim it which is  

a t p re sen t about 0 .3  eV. However many in te restin g  phenomena occur a t energ ies 

as low as 0. 010 eV and since these  energ ies a re  inaccessib le  to beam  experim ents, 

an a lternative  technique m ust be used.

1 .2 .3  Swarm Experim ents .

The quantities m easured  in sw arm  experim ents a re  the tran sp o rt 

coefficients for the motion of an assem bly of e lec trons through a high p re s su re  

gas under the influence of an e lec tric  field. It will be shown la te r  that i t  is  

possib le  to derive expressions for the tran sp o rt coefficients in te rm s  of the m ic ro ­

scopic collision c ro ss  sections and i t  is  th e re fo re  possib le  to determ ine, even 

though indirectly , these  c ro ss  sections from  the experim ental data.

D etailed descrip tions of sw arm  experim ents w ill be given in 

chapters 2, 3 and 5 but for the purposes of the p re sen t com parison it  is  sufficient 

to point out that they a re  c a rrie d  out a t high p re s su re s  (2 to 500 to r r )  in sta tic  

system s and that the  e lec tric  field streng ths used a re  high enough to overcom e the 

d ifficulties inherent in beam  experim ents. The d istribu tion  of the electron  energ ies, 

as well as the m ean energy, is  controlled by the e lec tric  field streng th  and the 

nature , p re s su re  and tem p era tu re  of the gas. The magnitude of the field d e te r­

m ines how much energy the e lec trons gain between co llisions, the na tu re  of the 

gas determ ines how much energy they lose in each collision, and, for a given gas, 

the p re s su re  determ ines the frequency of the co llisions. If the ra tio  of e lec tric  

field to gas p re s su re  is  high, then the mean e lec tron  energy is  well abcve the
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m ean energy of the gas m olecules. On the o ther hand, if  the field is  weak and 

the gas p re ssu re  high, the energy gained between collisions will be sm all and the 

collisions in which this energy is  tra n s fe rre d  to the gas w ill be very  frequent.

In th is case  the mean electron energy may exceed the m ean energy of the gas 

m olecules by only a few percen t and the electron energy can be controlled by 

varying the gas tem pera tu re . Since the m ean energ ies corresponding to 293°K 

and 77°K (the gas tem p era tu res  used in the p re sen t experim ents) a re  0. 04 eV 

and 0.01 eV respective ly , the low er energy lim its  of sw arm  experim ents a re  

much lower than those obtainable in beam  experim ents.

1 .2 .4  Lim itations of Swarm E xperim ents.

The d istributed  range of e lectron  energ ies which is  an inherent 

p roperty  of sw arm  experim ents is  p rim arily  responsib le  for the lim itations of 

these  techniques. The in te rp re ta tion  of the experim ental data is not s tra ig h t­

forw ard because the tran sp o rt p ro p e rtie s  of the e lectron  sw arm  a re  in general 

controlled by a num ber of collision p ro cesses  each with an energy dependent 

c ro ss  section. Thus, for a given set of experim ental conditions, the quantities 

m easured  experim entally  a re  determ ined by the c ro ss  sections over a lim ited  

range of energ ies ra th e r than by the c ro ss  sections a t a d isc re te  energy as in  a 

beam  experim ent. The p ro cess  of unfolding the energy dependence of the c ro ss  

sections from  a se t of data obtained by varying the m ean electron  energy is  

th e re fo re  complex. N evertheless, these  d ifficu lties have been largely  overcom e 

by the application of high speed computing techniques to m ore rigorous analyses 

of the dependence of the tran sp o rt coefficients on the collision c ro ss  sections.

The low resolution of sw arm  techniques is  a m ore fundamental 

lim itation. By com parison with an e lectron  beam  of reasonably  high reso lu tion  

which is  to be found in m ost beam  experim ents, the electron  sw arm  is a r e la t iv e ­

ly blunt probe unsuitable fo r examining fine sca le  s tru c tu re  in the c ro ss  sections. 

In general, sw arm  experim ents a re  th e re fo re  unable to detect narrow  resonances 

but it is  possib le  in som e instances to de term ine  whether such phenomena a re  

p resen t. For instance, Crompton, Elford and Jo ry  (1966) have used highly
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accu ra te  d rift velocity data in helium at 293°K to p lace an upper lim it on any

resonances in the q -  e curve between 0 .1  and 5 eV. m
It is  im portant to rea lize  that sw arm  and beam  techniques a re  

com plem entary. W here the cross sections do not exhibit pronounced s tru c tu re  

sw arm  techniques can lead to the m ost accu ra te  re su lts  a t all energ ies le ss  than 

3 -  4 eV and a re  the only techniques available below about 0. 5 eV. Beam experi­

m ents, on the other hand, have excellent energy reso lu tion  but re la tive ly  poor 

absolute accuracy . They a re  generally  useful only for energ ies g rea te r than 

1 eV. In recen t y ears  som e attem pts to c o rre la te  the two se ts  of data have been 

made and for th is reason  the extension of sw arm  techniques to higher energ ies, as 

in P a r t  B of th is th e sis , can be of considerable value.
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CHAPTER 2.

SWARM TECHNIQUES

There have been many advances in sw arm  techniques since the 

early  experim ents of Townsend in 1899. Among the m ost significant advances 

w ere the development by Huxley of the im proved method of m easuring  the ra tio  

of d rift velocity to diffusion coefficient, the developm ent by Tyndall and by 

B radbury and Nielsen of tim e-of-flight techniques for m easuring  the d rift 

velocity and the derivation by Huxley and o thers of m ore  rigorous form ulae d es­

crib ing the electronic motion and re la tin g  the tran sp o rt coefficients to the collision 

c ro ss  sections.

The Towns end-Huxley la te ra l diffusion method of m easuring the 

ra tio  of d rift speed to diffusion coefficient and the B radbury-N ielsen shu tter method 

of m easuring  the d rift speed a re  used in the p re sen t investigation. The accuracy 

and re liab ility  of these techniques have been im proved in recen t y ears  by careful 

experim entation and c ritica l analyses.

Until the advent of electron ic  com puters, sw arm  data could only 

be analysed by assum ing a p a rticu la r form  of the d istribu tion  function to calculate 

mean m icroscopic quantities such as the mean free  path between collisions. These 

quantities a re  s till useful for rap id  reduction of the experim ental data. However, 

i t  is  now possib le to use computing techniques in conjunction with rigorous form ulae 

describ ing  the electronic motion to calcu late  the tru e  d istribution  function and to 

deduce the varia tion  with energy of the e lastic  and ine lastic  c ro ss  sections.

In th is chapter the p rinc ip les  of both the experim ental techniques 

and of the analysis of the data a re  d iscussed . The de tails  of the p resen t in v esti­

gation a re  given in chapters 3, 5 and 7.

2 .1  M easurem ent of W/D by the Town send-Huxley L atera l Diffusion Method.

2 .1 .1  Townsend’s Original Method.

In a s e r ie s  of experim ents s ta rtin g  in 1899, Townsend established 

sw arm  techniques for the m easurem ent of the ra tio  of d rif t velocity to diffusion 

coefficient and of the m agnetic d rift velocity. Some of the re su lts  of his ex peri-
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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

where i^ and i 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 much heavier particles 
under the influence of an electric field. He wrote

i me2 = kT ^MC2

thus introducing the energy factor k^ 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



Figure 2.1.

Figure 2. 2.
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entrance s lits  w ere so la rg e  th is would have been difficult to rea lize  and undoubt­

edly led to inaccuracies in re su lts . In addition, the form ula derived by Townsend 

for th is type of geom etry was a s e r ie s  solution and th e re fo re  involved a la rg e  

amount of p re lim inary  calculation to obtain the d esired  accuracy . Since these 

calculations had to be repeated for each apparatus of d ifferent dim ensions th e re  

was little  tendency to check the re su lts  over a wide range of the experim ental 

p a ram e te rs .

2 .1 .2  Huxley's Modification of Townsend's Method.

In 1940 Huxley solved the d ifferential equation appropria te  to the 

case of electrons entering the cham ber through a sm all c irc u la r  hole and tra v e ll­

ing to a collecting electrode consisting of an insulated cen tra l d isc and surrounding 

annulus. This solution was f i r s t  applied by Huxley and Zazou in 1949.

The modification allowed a m ajo r im provem ent in the flexibility  

and the accuracy  of the method. It was la rge ly  free  from  both the objections 

ra ised  to Townsend's method. F irs tly , the sm all c irc u la r  hole was effectively 

a point source of electrons and th e re fo re  the e r ro r  in cu rred  by postulating 

uniform  electron  density over the source was g rea tly  reduced. Secondly, the 

expression re la ting  W/D to the cu rren t ra tio  was much sim p ler and capable of 

exact determ ination. As a re su lt, the task  of calculating tab les of values of the 

ra tio  of cu rren ts  and the corresponding values of W/D for apparatuses of 

d ifferent dim ensions was no longer arduous and i t  was possib le  to te s t the method 

over a wide range of the experim ental p a ra m e te rs .

A schem atic d iagram  of the apparatus suggested by Huxley (and 

used in the p re sen t investigation) is  shown in F igure  2. 2. E lectrons generated 

at F en ter the diffusion cham ber through the sm all hole S in the cathode, and 

from  th e re  d rift and diffuse to the anode under the influence of a uniform  e lec tric  

field  of strength  E. The e lec tric  field and gas p re s su re s  a re  the sam e between 

F and the cathode as  they a re  in the diffusion cham ber. This ensures that the 

electrons have reached a steady s ta te  energy d istribu tion  before they en ter the 

main section of the apparatus. The anode, o r collecting electrode, is  a t 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 total 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 modification of Townsend’s original rndthod 
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 method 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

( n W - D grad n ) . d S
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In an a rb itra ry  volume elem ent d"C which contains electrons but no sources or 

sinks of e lec trons, the ra te  of change of N m ust equal the net flow of e lectrons 

a c ro ss  the surface  a re a  of the elem ent.

Thus,

d N , d__ L = __  ( / /  / nd-0 )
d t d t

= - /  /  (n _W -  D grad n ) , dS.

T ransform ing  the righ t hand side by using G auss' theorem  we have:

d n
I I I  --------  = -  /  /  /  div (n W -  D grad n) d

d t

and hence

d n
--------  = -  V . ( n W -  D grad n)

d t

= D V2 n -  V . (n W )

For steady state  conditions the concentration of e lec trons a t any point is  constant, 

i. e. dn /d t = 0.

T herefore

D V 2 n - V . ( n W )  = 0

or D V2 n -  W . Vn  = 0  (2.1)

For a uniform  e lec tr ic  field p a ra lle l to the z -a x is , W is  constant and W = W =W.-  — z
In th is case  equation (2.1) becom es

V2 n = (W/D) 9n
3 Z

n  r \ „

V n = 2 X _ _  (2.2)

w here

3 z

2 X = W/D.
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The assumption that W is constant and equal to W will be used throughout.z
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 

Xz
n = ! _____  2  A K ( X r) P (cos 6 ) (2.3)T S = 0  S S+ 2  s

( X  r )2

where K 1 ( X  r) is the modified Bessel function of half integral order,
S+2"

P (cos 0 ) is the associated Legendre function, s

A is a constant s

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

- X  (r-z)
A 6n = 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 - (h/d) exp ( - X  (d - h ) ) (2.5)

where
2 2 2 d = h + b

Other solutions have been investigated. For example, 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 /  A h (1 - ( h/d )2 ) ] 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), some 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, therefore, that although equation (2. 5) is a semi- 

empirical result, it is known to be completely consistent with observation. This 

is the solution used throughout this 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 k̂  , 

which is closely related to the Townsend energy factor, or in terms of D//u 

where ju ( = 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 k̂  and D/ju are closely related to the physical 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 h and 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 found using equation (2. 5) were always in agreement 

with one another to within 1%. Poor self consistency was observed 

when the current ratios were analysed with equation (2. 6).

For long chamber lengths, which must be used for maximum 

accuracy, 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 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 produced 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 - see chapter 4).

(c) They obtained values of k̂  in hydrogen for 0.10 ^ E/p ^ 5 .0  (E in V cm

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 collision terms. He found that the values of D/ ß  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/jx 

expected from Parker’s theory is

<5 (D/ji ) D
-------------  = ----------  - i ( b A f

D//H 2 n E h

and can be as large as 20% for short chamber lengths and large diameter collecting 

electrodes. There has been no evidence of spatial dependence of D/jn 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 cen trally  divided plane capable of being moved 

both horizontally  and vertically .

The value of D/p is  found by examining the ra tio  of cu rren ts  

received  by the two halves of the plane as the collecting electrode is  moved 

horizontally . The method has the advantage that i t  is  v irtually  of infinitely 

variab le  geom etry (c. f . the ra tio  lim itations on a d isc apparatus of fixed b A , 

section 3.1) and that, to a f ir s t  o rd e r, i t  is  independent of m inor asym m etries  in 

the collecting electrode. To date the method has only been used for positive ions 

at high E /p with an experim ental accuracy  of about 5%. There is  no reasoh  why 

the method should not be used for e lectrons as well as ions, or why la te r  m echan­

ical im provem ents should not make the accuracy  com parable with that attained 

in the p re sen t experim ents.

2. 2 M easurem ent of W by the B radbury-N ielsen T im e-of-F ligh t M ethod.

2. 2 .1  P rincip le  of the Method.

The essen tia l fea tu res of the method a re  the sam e as those f ir s t  

reported  by B radbury and N ielsen (1936) and N ielsen (1936). A schem atic 

d iagram  of the type of apparatus developed by them  is  shown in F igure 2. 3.

E lectrons generated at the filam ent F d rif t through the region of 

uniform  e lec tric  field  AB to the collecting elec trode  a t B. Two e lec trica l shu tte rs  

and S2> held a t the appropria te  d. c. potentials and separa ted  by the accura te ly  

known distance h, a re  placed in the path of the e lec tro n s . Each shu tter consists  

of a plane grid  of p a ra lle l w ires with a lte rn a te  w ires  being connected to one 

another, and the two halves so form ed being insulated  from  each other. An a. c. 

signal of variab le  frequency but constant voltage is  applied to the two halves of 

each shutter; the voltages applied to each half a re  exactly 180° out of phase and 

the signals applied to both shu tte rs  a re  identical in phase and voltage. The 

cu rren t received  at B is  recorded  as the frequency of the a. c. signal is  varied .

A graph of cu rren t against frequency shows a s e r ie s  of m axim a as illu s tra ted  in 

F igure 2 .4 .

The shu tter divides the e lec tron  s tream  into a s e r ie s  of pulses 

since e lectrons a re  transm itted  only when the a. c. signal applied to the w ires
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approaches zero . If the frequency applied to the w ires is  f , then the sh u tte rs  will 

open with a frequency 2 f. The second shu tter S has the sam e effect on the electron
LJ

cu rren t as . The f ir s t  maxim um  in the cu rren t-frequency  curve will correspond 

to the frequency f for which pu lses of e lec trons produced by a rr iv e  a t when 

the sh u tte rs  a re  about to open again; o ther m axim a w ill occur at in teg ra l m ultiples 

of f . The observed d rift velocity is  then given by

W = 2 h f o r W = 2 h f. /  m (2.7)o m '

w here f is  the frequency of the a. c. signal corresponding to the m th  cu rren t

maxim um .

2 . 2 . 2  Analysis of P ossib le  E r ro rs . Experim ental T ests .

Duncan (1957) m ade a theo re tica l investigation of the electron  

concentration in a d rift velocity experim ent. Taking into account diffusion of 

e lectrons within the pulse he showed that, if W  is  the observed d rift velocity, 

then the tru e  value W is  given by

W  = W [ 1 + 2 /(hW /D ) ]

This re la tion  was useful only when the co rrection  was sm all, but did show that the 

effects of diffusion could be reduced by using longer cham ber lengths and higher 

gas p re s su re s .

Q ualitative agreem ent with these p red ictions was obtained by 

Crompton, Hall and M acklin (1957) by m easuring  d rif t velocities in an apparatus 

with shu tter separa tions of 3, 6 and 10 cm.

A system atic  study of the e r ro r s  inherent in th is type of experim ent 

was made by Lowke (1962, 1963). He investigated possib le  e r ro r s  from  the follow­

ing fcources:

(a) The position of the maxim um  elec tron  density in the pulse is  a lte red

because, owing to back diffusion, som e e lec trons from  each pulse 

w ill be absorbed by the f ir s t  shu tter a fte r it has closed.

(b) S im ilarly , the pulse is  d isturbed  by the absorption of e lectrons on the

unopened second shu tter.
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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 = 5 ( h W/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 his analysis to eliminate sources of error 

and to take into account the effects of diffusion, Lowke obtained highly accurate



values of electron  drift velocities in n itrogen and hydrogen at 293°K and 77. 6°K. 

Elford (1966) with an apparatus of im proved design and with m ore accu ra te  

p re s su re  m easurem ent has reported  electron  d rif t velocities in carbon dioxide 

with a claim ed e r ro r  lim it of 0.5%.

2. 3 The Analysis of D ata.

Until the introduction of e lec tron ic  com puters, sw arm  data w ere 

analysed by assum ing a p a rticu la r form  of the d istribu tion  function to calcu late  

m ean quantities, such as an effective mean f re e  path or collision c ro ss  section. 

Crompton and Sutton (1952), for exam ple, produced data of th is  type for hydrogen 

and nitrogen. S im ilarly, m ost of the sw arm  data in "B asic  P ro ce sse s  of Gaseous 

E lec tron ics" (Loeb, 1955) a re  average quantities deduced by assum ing e ither a 

Maxwell o r Druyvesteyn distribution.

For a gas in which only e lastic  sca tte rin g  occurs it has been found 

possib le  to derive an in teg ra l expression for the d istribu tion  function which can 

be computed for any given varia tion  of the m om entum  tra n s fe r  c ro ss  section. The 

tru e  variation with energy of th is  c ro ss  section can be deduced by calculating the 

tran sp o rt coefficients and com paring them  with the experim entally  m easured  

values.

When ine lastic  collisions occur the  d istribu tion  function can be

calculated by a num erical solution of the Boltzmann tra n sp o rt equation. The
>

deduction of the momentum tra n s fe r  and the in e la stic  c ro ss  sections is  once again 

made by com paring the calculated and experim ental values of the tran sp o rt co­

efficients.

The various form ulae used in th ese  calculations a re  given below.

2 .3 .1  The D istribution Function for E lastic  , N on-iso tropic  S cattering .

Many derivations of the form  of f(c) for the case  of elastic, non­

iso trop ic  sca tte rin g  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) = B exp i  - 3m{•3" I
c . d c

° M

c q

+ 3 k T

(2 . 10)

w here

- 3 m

(

B exp U

c . d c

°M ,/  E

C

+ 3 k T

To find the value of B use is made of the norm alizing in tegral
00

1 4 *

from  which

c f(c) d c

exp U
f (c)

I 4 * 0'
exp U . d c

S im ilarly  the average of a typical function g(c) is given by

g(c)

oo

c g(c) f(c) d c

(2.11)

^exp U . g(c) . c d c
CO 2

f  exp U . c . d c Jo

Two special cases, corresponding to k ^ ^ l  (therm al equilibrium ) and k ^ » l ,  

may be distinguished .
2 2 (a) When k^ is »  1, J  me is very much g rea te r than J  MC and it is

possib le  to neglect the 3 kT te rm  in the denom inator of equation (2.11)

i. e. c 3
- 3 m f c  • v

. d c

o M (E/N )2 (e /m )2
(2 . 12)



28 .

To evaluate this fu rther it is n ecessa ry  to postu late  som e form  of
- r

variation  of q with c. For generality  we take q = A’ c m m
Substituting this in (2.12) we have,

c 3 , 4 2 -2 rc (A') c
U = -  3m \ -------------------------  . d c

2 . /  . 2
o M(E/N) (e /m )‘

with M n (E /tt)2 (e /m )2 (A ')2 

3 m

(2.13)

and n = 4 -  2r.

The d istribution function can now be w ritten

f(c)

/ n / n v , exp ( -  c /  a  ) d c

uo n
J  4 tt c2 exp ( -  cn /  a 11) dc

m + 1Using the identity \ exp ( -  yD ) ym dy = T f(c) is  given

f(c)
/  n  /  n  Vn exp ( -  c /  a )

47t a r (3/n )

F rom  th is it can be seen that the average value of c is

(2.14)

s s „c = oi r s + 3
(  r

" 3 “

L n \ L n J

-1
(2.15)

Two special cases of this a re  of p a rticu la r in te re st:

(1) if q <=<* 1 /c , then r  = 1 and n = 2 m

f(c)
/  2  /  2  Vexp ( -  c / a  )

3 3 /2
a  7t

(2.16)
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which is the Maxwell distribution.

(2) if q is constant, then r = 0 and n = 4 m

f(c)
4 4exp ( - c / a  ) (2.17)

w a T (3/4)

which is the distribution of Druyvesteyn (1930).

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

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

for U then becomes
c

dc
- 3 m I -

3 kT
„2

2 , 2 =* - c /  a

with 2 kT/m.

The distribution function can once more be written in the form

f(c)
/  2  /  2  Vexp ( - c /  a )

3 3/2a 7r
showing that for thermal equilibrium the distribution is Maxwellian regardless

of the form of variation of q with c.m
An alternative form of the distribution function is often used. The 

distribution function f (e) is defined such that the probability of an electron
l

having an energy between e and e +de i s e 2 f ( e ) d e .  The expression for 

f (€) is:

f(e) = A exp + kT/e
-1

(2.18)

6 m Nq e m

The value of A is found through the normalization
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^  e 2 f ( € ) d e  = 1
o

2 . 3 . 2  Mean Q uantities.

The form ulae given in this section a re  included since they can be 

ex trem ely  useful for rapid  reduction of experim ental data. The following 

re la tio n s  can be derived (Huxley and Zazou, 1949, Crompton and Sutton, 1952):

Townsend energy factor 

Mean velocity c

___ i

Root Mean square  velocity ^  c

2 - 1 / c c /  c

(2kT/m )' c c
-1 t  ± 

k 2 ki

(2kT/m)
_  I

2 - 1 / c c /  c
2 I

k 2 kl

(2.19)

(2 . 20) 

(2 . 21)

Mean free  path a t unit p re s su re
1

L = (3/2) (m /e) (2kT /m )2 c
l

W k * /  E /p (2 . 22 )

Mean fractional energy loss  per collision

3 (m/2kT)
—  2 —  _ _l
- I N  2 w2 /k, (2. 23)

Each of the square  b racketted  te rm s  is  a dim ensionless quantity; 

the b a r indicates an average over the velocity d istribution . By specifying e ither 

a Maxwell or Druyvesteyn distribution  the various velocity averages can be 

evaluated using equation (2.15). The re su lts  a re

Velocity A verage 

c

2
c

c

Maxwell

2 a  /  TT2

3 a 2 /  2 

2 /  a TT2

Druyvesteyn 

0.8161 a 

0.7397 a 2 

1.4464 /  Q!

These values can be substituted in the above re la tio n s  to give the num erical 

constants app rop ria te  to each distribution .



2 .3 .3  Form ulae for D rift and Diffusion.

For the case of non-iso trop ic  sca tte rin g  the following form ulae 

have been derived (Huxley, 1960) :

H E E e

3 m

o

I 4 TT C d c

N q (c) d c m

(2.24)

d - - 14 TT C

N q (c) m

f (c) d c (2.25)

It should be noted that these equations a re  applicable only when M »  m and that,

since they a re  given in te rm s of the electron  speed c, q is  q (c). The norm al -m m
ising  in teg ra l for f(c) in th is case  is

I 4 TT c f(c) d c

A lternative fo rm s in te rm s of the e lectron  energy e a re  (Allis, 1956)

l  “

DN (2/m )' 1e f ( e ) d e

v<£>
and

juN
l 00

e(2 /m )2 C €I . d e

q ( € ) d €m

in which case  the norm alizing  in teg ra l is
00

y e  2 f ( e ) d e

(2.26)

(2.27)

(2. 28)

(2.29)

Since many of the form ulae to be given below w ere derived by 

Huxley using equations (2. 24) and (2. 25) it  is  s im p le r to use only these  fo rm s of 

the tran sp o rt in teg ra ls  in the p re sen t chapter.
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2 .3 .4  Use of the C oeffic ient D /p  .

As mentioned in  2 .2 .3  above, although the Townsend-Huxley la te ra l 

d iffus ion  technique d ire c t ly  measures W /D , i t  is custom ary to re p o rt the resu lts  

of these experim ents in  te rm s of the ra tio  D /p  or the quantity which w i l l  be 

defined below. The reason fo r  th is  choice, apart fro m  the obvious one that W /D  

is  p ressu re  dependent but D /p is  not, can be seen fro m  the argum ent which 

fo llow s.

I f  we in tegra te  the expression fo r  W (equation (2. 24)) by pa rts

we obtain :

3 m

-  4 TT C2 (1/N  q ^ c ) )  f(c) + j

OO 00

. . 2 -2 d
+ \ 4 TT C C f(c) dc

dc Nq (c) m

The square bracketted te rm  vanishes at both lim its  since f (c ) -> 0  as c —s> oo , but 

f(c) rem a ins f in ite  fo r  c = 0. A lso, since the average of any quantity X(c) is  

defined to be

X (c) f 4 TT c f(c) X  (c) d c

where the bar denotes an average of th is  type, we have

W
E e 

3 m

-2 d 
c ___

d c

In a s im ila r  way equation (2. 25) becomes

2
c

N q jc )

(2.30)

D

(c)

(2.31)

3
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Thus

w here

D//i
m

e

q (c)m

- c ' 2 i .  c2 i

dc V<c> -

(2.32)

is  a dim ensionless average. D/p-c is  thus proportional to the mean electron 

energy. The a lternative  p a ram ete r which was used extensively in the older 

li te ra tu re  is  closely re la ted  to the ra tio  of e lectron ic  to m olecular energy, i. e. it 

is  closely  re la ted  to k j  , the Townsend energy ra tio . F rom  the definition of kp  

(section 2 .1 .1 )

\  m e 2 = krp \  M C2

iJL
From  equation (2.18) 

W/D

and substituting for \  me

W/D

3
= kT . __  kT

2

e E F

! ~~2 i  m e

e E F

krp (3 /2) kT 

e E

krp k^
(2.33)
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w here is  re la ted  to krp through the sim ple expression

2 F

Although k^ is  not exactly the ra tio  of electron ic  to m olecular 

energ ies, it  is  a m easu re  of th is ra tio  which, unlike k ^  , does not depend on a 

knowledge of the d istribution  function for its  evaluation.

2 .3 .5  Special Case of a Gas in which Only E lastic Scattering O ccurs.

Equations (2.10), (2. 24) and (2. 25) show that for a gas in which 

only e lastic  collisions occur the tran sp o rt coefficients a re  en tire ly  determ ined by 

the varia tion  of with c. With computing techniques these  in teg ra ls  can be 

read ily  evaluated.

The tru e  variation of q ^  with c is found by an ite ra tiv e  procedure;

the tran sp o rt coefficients a re  evaluated for a t r ia l  variation  of q with c and them
calculated  values com pared with the experim ental re su lts . The tr ia l  varia tions 

a re  continued until the agreem ent between calculated and experim ental values is 

considered sa tisfac to ry .

In p rinc ip le  it would be possib le  to deduce the variation of q ^

with c from  only one m easured  tra n sp o rt coefficient. In p rac tice  it is  d esirab le

to have experim ental data for m ore than one tra n sp o rt coefficient to provide a

valuable c ro ss-ch eck  on the values of q selected .m
This method has been used in helium  (F ro st and Phelps, 1964, 

Crompton and Jo ry , 1965) and in m ost of the o ther in e rt gases (F rost and Phelps, 

1964). Of these  analyses only Crompton and J o ry 's  i s based on experim ental 

data of adequate p rec isio n . They m easured  th ree  tran sp o rt coefficients with 

accu rac ies  of 1%, 1% and 3% respective ly  and found tha t th e ir  calculated values 

agreed  with these data  to within the experim ental accuracy .

2 .3 . 6  A nalysis Including the Effects of Ine lastic  C ollisions.

A m o re  complex analysis of the data m ust be used whenever 

ine lastic  collisions occur, i. e. in the polyatom ic gases a t a ll energ ies and in the
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in e rt gases for energ ies above the f ir s t  ine lastic  threshold . The techniques a re  

essen tia lly  the sam e as those described  above for the case of purely  e lastic  s c a t te r ­

ing. The im portant d ifferences a re  :

(a) The form  of f(c) is no longer given by a closed expression such as (2.10)

but m ust be found by num erical m ethods from  the solution of the appro­

p ria te  Boltzmann tran sp o rt equation. D etails of these solutions will be 

given in chap ters 7 and 8.

(b) Since severa l c ro ss  sections m ust be determ ined  from  the lim ited  amount

of experim ental data; the re su lts  a re  not n ecessa rily  unique but m erely  

rep re se n t a se t of c ro ss  sections consisten t with observation (see 1 .3).

(c) Due to the approxim ations involved in setting  up the in itial equations and

to the inaccu rac ies  involved in the num erical techniques available at 

p re sen t, it is  unlikely that the c ro ss  sections can be deduced with an 

accuracy  of b e tte r than 5% even under the m ost favourable conditions.

2. 4 Use of the P a ra m e te r E/N.

It has been alm ost un iversal p rac tice  to re p o rt the re su lts  of 

experim ents in ionized gases in te rm s  of the p a ram ete r E /p . This was sa tis fa c t­

ory  while all experim ents w ere done at room  tem p era tu re  and while the varia tion  

in the constant of proportionality  between the gas p re s su re  p and the gas num ber 

density  N was sm all com pared with the experim ental e r ro r .  N either of these a re  

tru e  of the p re sen t investigation or of m ost m odern experim ents in th is field. 

Although the use of the p a ram ete r E/N would overcom e th is objection it is  not 

generally  accepted because  of the cum bersom e pow ers of ten involved.

Huxley, Crompton and Elford (1966) noted th is  tendency and 

suggested the use of a new unit of E/N which they proposed to call the "Townsend” . 

The suggested m agnitude was

-17 21 Townsend = 1 0  V cm .

The choice of th is fac to r c rea te s  approxim ately a one-to-one correspondence 

between E/N and E /p  for experim ents a t liquid n itrogen tem p era tu re  and a one-to - 

th re e  correspondence to within 3% for am bient tem p e ra tu res  in the range
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282°K ^  T ^293°K. More precisely
-2  -1  -1E/N (Townsend) = (1.0354 x 10 T) E/prp (V cm torr )

Many of the present results are expressed as a function of E/N 
2with units of V cm . Some of the data were taken prior to 1966 and are 

therefore expressed in term s of the older param eter E/p with p being measured 

at 293°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 experim ental tube was used for all the m easurem ents of 

D/jj, at both 293°K and 77°K. Many of the details of the design, of the construction 

and of the methods of elim inating e r ro rs  in th is  type of experim ent w ere given in 

Crompton, Elford and Gascoigne (1965). An e a r lie r  re p o rt of th is experim ent 

together with a b rie f sum m ary of som e experim ental re su lts  was given in Crompton 

and Elford (1963). The sections of the p re sen t chapter dealing with the design of 

the apparatus, the production of the uniform  field and the instrum ents for m e asu r­

ing the ra tio  of the cu rren ts  a re  based la rge ly  on th ese  papers; the design of the 

collecting electrode used in the p re sen t form  of the apparatus was not described  

in e ither of them . The collecting electrode which was used throughout th is work, 

and which will be described  below, w as, however, a lso  the work of these  au thors.

As well as dealing with these  aspects of the ex p erim en t, the p re sen t 

chapter contains a descrip tion  of the vacuum system s and gas handling techniques, 

de tails  of the assoc ia ted  e lec trica l equipment and the methods of m easuring  the 

gas tem p era tu re  and p re ssu re .

3 .1  Design and C onstruction of the A pparatus.

3 .1 .1  Choice of the Dimensions of the Diffusion C ham ber.

The choice of the c ritica l dim ensions of the apparatus, nam ely the 

source  electrode to collecting e lectrode separa tion , h , and the rad ius of the 

cen tral d isc of the collecting elec trode , b , is  a com prom ise between the follow­

ing conflicting requ irem en ts:

(a) the ra tio  of the cu rren ts  received  by the cen tra l d isc  and the outer annulus

m ust be m easured  with adequate p rec ision .

(b) the d iam eter of the diffusion cham ber m ust be such that no e lec trons come

within the vicinity  of the w alls and that the e lec tr ic  field is held uniform  

to the req u ired  to lerance.
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(c) the d iam eter of the disc m ust not be so sm all as to lead to la rg e  e r ro r s

from  the finite size of the source hole.

(d) the cham ber length h m ust be kept as sm all as possib le  to reduce the

length of the vacuum envelope to be re fr ig e ra te d  for the low tem p era tu re  

experim ents and the quantity of high purity  gas needed.

Of these requ irem en ts, the m ost obvious, and perhaps the m ost 

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, th is  being the range over which R can 

be m easured  with adequate accuracy  by the instrum ents  to be described  in 3 .3 .

The effect of th is  re s tr ic tio n  on the choice of values fo r b and h was d iscussed  

at length by Crompton, Elford and Gascoigne. Exam ination by these au thors of 

the solution for R given in the previous chapter (equation 2. 5) showed that for 

> 5 it is  fa irly  easy to choose dim ensions which will lead to cu rren t ra tio s  in 

the cen tre  of the p re sc rib ed  range when field streng ths of 10. 0 V cm or g rea te r 

a re  used. The p re s su re  can then be chosen to give the d esired  value of E /p  and 

c ro ss  checks obtained by varying E and p in the sam e proportion.

The choice of p a ra m e te rs  becom es m ore difficult for n ea r-th e rm a l 

e lec trons and even m ore difficult if the gas tem p era tu re  is  low ered. It is  d esirab le  

to keep the field  strength  above 3 .0  V cm 1 to m inim ize the e r ro r s  from  contact 

potential d ifferences within the cham ber (see section 3 .4) but th is  in tu rn  im plies 

sm all values of b and la rg e  values of h if the e lec tron  s tream  is  to sp read  

enough for a significant fraction  of the cu rren t to be received  on the outer annulus 

of the receiv ing  electrode. Small values of b a re  not desirab le  because of the 

difficulties in accu ra te ly  m easuring  the sm all d iam eter, the g re a te r  influence of 

the finite s ize  of the source hole and the fact that as the d isc size  is  decreased  

the unknown effect of the a ir  gap between the d isc  and the annulus becom es 

increasing ly  im portan t. Large values of h a re  undesirab le , too, for the reasons 

given in (d) above. The final dim ensions selec ted  by Crom pton, Elford and 

Gascoigne w ere h = 10 cm and b = 0. 5 cm. With th ese  values R rem ains within 

the p re sc rib ed  range for n ear therm al e lec trons only if field  streng ths of le s s  than 

9 .0 V cm  ̂ and of le s s  than 2 .5  V cm * a re  used  at 293°K and 77°K respective ly .
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This la tte r  value is  le ss  than the 3 .0  V cm usually  chosen as the minim um  field 

streng th  a t which e r ro rs  from  contact potential d ifferences within the cham ber a re  

sufficiently sm all to be com pensated for or elim inated by the methods described  

in section 3 .4 . A different experim ental technique was th e re fo re  requ ired  at 

77°K and th is is  d iscussed  in section 4 .1 .4 .

The choice of these values of b and h rem oves the possib le  

source of e r ro r  in the in te rp re ta tio n  of the re su lts  a ris in g  from  the pole and dipole 

fo rm s of the solution (section 2 .1 .4 ) and also  m akes insignificant the uncertain ty  

due to the spatial dependence of W/D as d iscussed  by P a rk e r  (1963) (see section 

2 .1 .5 ) .

As stated  in (b) above the d iam eter of the diffusion cham ber m ust 

be la rg e  enough to ensure  that the e lec tric  field is  uniform  to the requ ired  

to le rance  and that no electrons reach  the w alls even when the e lectron  s tre am  is 

m ost divergent. An in ternal d iam eter of 10 cm sa tisfie s  both these  requ irem en ts. 

F o r a 10 cm cham ber length v irtually  no e lec tro n s  reach  a d iam eter of 8 cm 

when R lie s  in the range 0 .2  < R < 0 .9 . The d iam eter of the outer annulus of the 

collecting electrode was 8. 5 cm. The spacing between the cen tral d isc and the 

annulus was 0. 005 cm.

Crom pton, Elford and G ascoigne calculated  that the d istance r e ­

quired  for the e lec trons to reach  th e ir equilibrium  energy under typical E /p 

conditions was of the o rd er of 0 .1  cm . In the p re sen t apparatus the e lec trons 

trav e lled  through a 2 cm region with the sam e e lec tr ic  field as in the diffusion 

cham ber before they entered the la tte r  through the 0 .1  cm d iam eter source  hole.

3 .1 .2  Production of a Uniform E lec tric  Field.

T here  a re  two problem s to be overcom e in any apparatus requ iring  

a highly uniform  e le c tr ic  field fo r its  successfu l operation. One is the production 

of a uniform  field by the geom etric  design and construction of the apparatus. The 

other is  the elim ination of field d isto rtion  due to in te rna l contact potential 

d ifferences. Crompton, Elford and Gascoigne rep o rted  the re su lts  of a la rg e  

num ber of experim ents they perfo rm ed  in investigating the effects of various
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types of f ie ld  d is to rtion  on the la te ra l d iffus ion  experim ent.

F rom  these experim ents they concluded that by fa r  the la rge s t 

source of e r ro r  was the presence of ra d ia l components in  the e le c tr ic  fie ld  

w ith in  the chamber, the re su lts  being re la tiv e ly  in sens itive  to quite la rge  amounts 

of n o n -u n ifo rm ity  in  the long itud ina l f ie ld . A ra d ia l component in  the fie ld  has 

its  m axim um  effect i f  i t  occurs in  the v ic in ity  of the annular gap of the co llec ting  

e lectrode since i t  w i l l  here cause a spurious d is tr ib u tio n  of cu rre n t between the 

cen tra l d isc and outer annulus. The reg ion around the gap is  also the region 

where fie ld  d is to rtio n  is  m ost l ik e ly  to  occur because of re la tiv e ly  abrupt 

changes in  contour of the rece iv ing  electrode; extrem e care m ust be taken to 

ensure that the whole surface of the e lectrode is  a tru e  geom etrica l plane.

Crom pton, E lfo rd  and Gascoigne pointed out that the effects of 

f ie ld  d is to rtio n  due to geom etrica l inaccuracies o r to in c o rre c t potentia ls applied 

to the electrodes because of e r ro rs  in  the voltage d iv id ing  chain, are a lm ost 

independent of the e le c tr ic  f ie ld  strength and are  the same fo r  measurements 

made w ith  e ith e r pos itive  ions o r e lectrons. On the o ther hand e r ro rs  due to 

contact potentia l d iffe rences w ith in  the chamber change sign as the sign of the 

p a rtic le s  is  changed and decrease as the fie ld  strength is  increased. The s ize of 

the e r ro r  a lm ost exactly  halves as the f ie ld  strength is  doubled.

On the basis of these observations they devi sed a s im p le  tes t to 

d is tingu ish  between the two types of f ie ld  d is to rtio n . Th is  can best be understood 

by re fe rence  to F igu re  3 .1  where i t  is  assumed that both types of e r ro r  are 

present. Curve (a) shows the percentage e r ro r  observed fo r  e lectrons as E is  

increased; curve (b) is  tha t obtained fo r  pos itive  ions. A t high values of E e r ro rs  

due to contact po ten tia l d iffe rences become neg lig ib le  and the res idua l e r ro r  

(E^ ) due to geom etrica l inaccuracies can be found. Th is e r ro r  can be subtracted 

fro m  the to ta l d iscrepancy to obtain the e r ro r  due to contact po ten tia l d iffe rences 

at low  values of E.

Crom pton, E lfo rd  and Gascoigne showed that e le c tr ic  fie ld s  of 

adequate u n ifo rm ity  could be obtained by using guard e lectrodes which are  ve ry  

m uch ith icke r than the g lass spacers between them (c. f. the th in  guard r in g
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s tru c tu re  described  by Crompton and Jo ry , 1962, in which the electrodes a re  

very  much thinner than the g lass spacers). The m athem atical analysis of H urst 

(1960) shows that although the field generated  by the thick ring  s tru c tu re  is  badly 

d isto rted  n ear the edge of the e lec trodes, it is  possib le  with the dim ensions 

chosen to obtain a high degree of uniform ity in the im portan t region of the cham ber. 

By con trast with the m ore conventional form  of electrode s tru c tu re  the m echanical 

stab ility  of the thick rings allows the theo re tical re su lt to be achieved in p rac tice . 

Other advantages of the thick ring  construction include the screening  of the 

diffusion cham ber from  stray  e lec tric  fields ex terio r to it  and the elim ination of 

d ie lec tric  soakage in the g lass sp ace rs .

3 .1 .3  The A pparatus.

The diffusion cham ber of the apparatus is  shown in F igure  3. 2 and 

the en tire  experim ental tube in F igure  3 .3 . It should be noted that the collecting 

electrode is  only schem atically  rep resen ted ; its  actual construction can be seen 

from  Figure 3 .4 .

The m ain electrode s tru c tu re  was m ade of copper, the only other 

m etals used being non-m agnetic s ta in less  stee l and nichrom e. To m inim ize 

contact potential d ifferences only gold su rfaces w ere p resen ted  to the e lec tro n  

s tream . The source  and receiving e lec trodes w ere gold coated by vacuum depos­

ition under carefu lly  controlled conditions and showed contact potential d ifferences 

a c ro ss  the su rfaces of le ss  than 8 mV, the d ifference in the cen tral region of the 

receiv ing  electrode being only 3 mV.

The in te r io r  su rfaces of the guard ring  s tru c tu re  w ere gold plated 

as it was not possib le  to produce sufficiently uniform  su rfaces  by vacuum 

deposition  with the techniques available. A sm all contact potential d ifference 

existed between the gold su rfaces of these  e lec trodes and the end e lec trodes of the 

cham ber, but th is was elim inated, or com pensated fo r, by using the techniques 

to be described  in 3. 4.

The receiv ing  electrode used to obtain som e of the early  data 

p resen ted  in chapter 4 consisted  essen tia lly  of the cen tra l d isc  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 cooled 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
14of each component was greater than 10 fi.

For the reasons to be given in 3. 5 it was not necessary to 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 Crompton, 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 resisto rs 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 E lectron and Ion Sources.

For many of the experim ents electrons w ere produced from  a 

platinum  filam ent consisting of approxim ately 10 tu rns of 0.0015” d iam eter 

platinum  w ire. The positive ions needed for the te s ts  to be described  in 3 .4 . w ere 

generated  from  a heated potassium  alum ino-silica te  bead mounted on a sm all 

coil of fine tungsten w ire (Blewett and Jones, 1936). Both of these  filam ents w ere 

mounted on the one support to enable the change from  e lec trons to ions to be m ade 

without changing the gas sam ple thereby avoiding the possib ility  of changes in the 

contact potential d ifferences within the apparatus. The power supply for these  

filam ents was a highly stabilized 0 -  6 V d. c. supply whose output was variab le  

through a 10 tu rn  potentiom eter.

F or the m easurem ents in para-hydrogen the platinum  filam ent 

could not be used because of reconversion  of the gas to the norm al 75% o rth o -,

25% p a ra -  form  (see Appendix I) and in th is case  the cu rren ts  w ere generated  

from  a sm all s ilv e r coated foil of A m ericium  241 (an a  em itte r). The foil was 

mounted inside a sm all copper cylinder on the end of the filam ent stem . A se t 

of baffles inside th is cylinder ensured that no a  p a rtic le  d irec tly  entered the 

diffusion cham ber through the 1 m m  hole in the cathode.

3 .3  M easurem ent of the Ratio of C u rre n ts .

As was pointed out in section 2 .1 .4  the quantity of in te re s t in

determ ining W/D is  not the total cu rren t in the cham ber but the ra tio  of the

cu rren t received  by the cen tral disc to the total cu rren t reaching the anode. In

o rd e r to avoid the effects of Coulomb repulsion  in the e lec tron  sw arm  it  is
-12

n ecessa ry  for the to tal cu rren t in the diffusion cham ber to be as low as 10 A.

This m eans that if the ra tio  is  to be m easured  to the d esired  accuracy  (0.1%),
—15 —16cu rren ts  of the o rd e r of 10 to 10 A m ust be detected , and leakage c u rren ts

—16m ust be le ss  than 10 A and stable during the period  of m easurem ent. Also, 

to avoid effects s im ila r  to those of contact potential d ifferences on the su rfaces , 

the potential of the d isc  and annulus m ust not depart significantly  from  earth  

potential during the course  of the m easurem ent.



D.C. su p p ly
Figure 3. 5.
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The method adopted to m easu re  the cu rren t ra tio  was a m odification 

devised by Dr. R. W. Crompton of the double induction balance -  e lec tro m ete r 

unit of Crompton and Sutton (1952). The e lec tro m ete r and the double induction 

balance used in the p resen t work w ere described  by Crompton, Elford and 

Gascoigne.

3 .3 .1  Double Induction B alance.

A sim plified c ircu it of the in tegrating induction balance unit is

shown in F igure 3 .5 . The potentiom eter P is  a 12 kfl Colvern potentiom eter,

c am -co rrec ted  to give an output within -  0. 05% of lin ea r when loaded with the

450 kß, 10-turn  helipot P . A voltage V, variab le  from  1 to 10 V, is  appliedz
to P from  a highly stab ilized  d. c. power supply of low im pedance. The m agni­

tude of V is  adjusted to balance the la rg e r  of the two cu rren ts  received  by the 

segm ents of the collecting electrode. When P is  driven at a constant ra te  of 

1 rev /m in u te  by a synchronous m otor, a highly lin ea r sweep voltage is  generated  

at A while a s im ila r signal, the re la tiv e  am plitude of which is  determ ined by the

setting  of P , appears at B. The two potentials a re  applied to the m atched z
capacito rs C and C which a re  based on the design of Crompton and Sutton 1 z
(1952). With th is a rrangem ent two constant d isplacem ent cu rren ts  i^, and i

a re  generated; th e ir  ra tio  is  determ ined  by the setting  of P .z
When m easuring  the ra tio  of cu rren ts  received  by the segm ents

R^ and R2 of the receiv ing  e lectrode the potential d ifference between each

segm ent and earth  is  m easured  by the e lec tro m e te rs  E. Adjustm ents of the

voltage V and the setting  of the potentiom eter P a re  made until R and R a reZ 1 z
m aintained at earth  potential to within 0. 2 mV. The ra tio  R is  then the req u ired  

ra tio  of the cu rren ts .

M aximum accuracy  of the m ethod is  obtained by making it an 

in tegra ting  one with the integration com m encing when V = V = 0 and te rm in -
-L Z

ating ju s t b e fo re  V = V (Crompton and Sutton, 1952, Crompton, 1953). To 

effect th is  a co rrec tly  phased cam  opera tes a m icrosw itch  which in turn  opera tes  

the e lectrom agnetic  earth ing  sw itches S.



Figure 3.6.
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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 electrometer 

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 in the 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 applying 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 fo r positive ions was found to be 1. 000 at E /p  = 0.3 V cm to r r  .

A fter following this procedure the re su lts  obtained during experim ents with 

e lec trons w ere found to be v irtually  free  of e r ro rs  due to contact potential 

d ifferences.

A fu rther co rrection  to the method suggested by Crompton, Elford 

and Gascoigne req u ire s  taking into account the slight ra tio  dependence of the 

re su lts . R esults taken with electrons using very  high field strengths (so that 

e r ro r s  due to contact potential d ifferences a re  com pletely negligible) show that 

the re su lts  a re  very  slightly  ra tio  dependent, the values tending to r is e  as the 

ra tio  r is e s ,  with a m aximum spread  over the whole range of R of 0. 7% (see 

4 .1 . 2). This dependence is  a combination of the effect of the fin ite size  of the 

source hole and of a sm all e r ro r  of unknown origin which becom es im portant 

when R is  sm all. This e r ro r  is  apparently  a solution e r ro r  of a d ifferent type to 

tha t mentioned in 2 .1 .5 .

If these  effects a re  taken into account it  tu rn s out that when k^ is  

actually  1. 000 the observed value should, in fact, be 1. 003 or 1. 004. The com pen­

sating potential in all the p re sen t experim ents was adjusted until k^ for the K+ 

ions was 1. 004 at E /p  = 0 .3 . In p rac tice  the effect of this additional co rrection  

is  very  sm all since the ions and e lec trons a re  equally ra tio  dependent. At the 

very  w orst the maximum effect would be 0. 4% at E = 3. 0 V cm 1 and negligible at 

h igher field  streng ths.

3. 5 Gas Handling Techniques.

The aim  of the p re sen t experim ents was the m easurem ent of D / p 

in the m olecu lar gases H , p -  H and D . Some of the m ost commonly con- 

s idered  so u rces of e r ro r  in e lec tron ic  and atom ic collision p ro cesses  a re  those 

a ris in g  from  the p resen ce  of gaseous im p u ritie s. Although these  may be a 

significant source  of e r ro r  in som e sw arm  experim ents, for exam ple in argon 

when the m ean energy of the sw arm  is n e a r that corresponding to the R am sauer 

m inim um  (Bowe, 1960, Uman, 1964), it is  generally  not so for experim ents in 

m olecu lar gases. C alculations fo r these gases show that im purity  levels of up to
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100 ppm have neg lig ib le  effect on the re su lts  (oxygen is  a d ram atic  exception 

at very low values of E /p  -  see 4 .1 ). It is  thus possib le to use fa irly  conventional 

vacuum techniques with long pumping periods to reduce the im purity  level from  

outgassing to the requ ired  degree. Experience has shown that it is  not n ecessa ry  to 

bake the apparatus to achieve th is level. This step would, in all probability , 

in c rease  the contact potential d ifferences within the cham ber and would lead to 

g rea te r e r ro r s  from  th is source than could be handled with the compensation 

technique. Baking of the apparatus was th e re fo re  avoided.

3 .5 .1  Vacuum System.

The vacuum system  was constructed  of P yrex  and used g lass taps

g reased  with Apiezon N g rease . A conventional Edwards type 2S20 ro ta ry  oil

backing pump was used to reduce the p re s su re  to the o rd er of 1 m icron and
_6

second stage pumping to b e tte r than 10 to r r  was made with an 8 l i t r e /s e c  

Vacion pump. A liquid n itrogen trap  was always m aintained between the backing 

pump and the main system . Liquid nitrogen trap s  w ere also  placed on the gas 

adm ittance line and im m ediately  adjacent to the apparatus; these  trap s  w ere 

filled  with copper foil to in c rease  th e ir  trapping efficiency and to m inim ize 

the re-evo lu tion  of previously  trapped vapours. A low c lo su re-to rque  m etal 

valve (m anufactured by Vacuum G enera to rs L td .) was used to iso la te  the Vacion 

pump, th is  type of valve being p re fe rre d  to a g reased  tap solely on the grounds of 

convenience of operation.

Isolation te s ts  without using liquid n itrogen tra p s  showed that the
■"6ra te  of r is e  of p re s su re  was of the o rd e r of 5 x 10 to rr /h o u r  which corresponds

-8to a gas influx ra te  of 8 x 10 to r r  l i t r e /s e c .  The ra te  of r is e  of im purity
g

level was th e re fo re  approxim ately 1 p a r t in 10 /h o u r into a 500 to r r  sam ple of 

gas.

3 . 5 . 2  Gas A dm ittance.

The hydrogen and d eu teriu m  w ere obtained by diffusion through a 

heated palladium  osm osis tube using the apparatus and technique described  by 

Crompton and Elford (1962). For the low tem p era tu re  experim ents a g rea tly
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in c reased  adm ittance ra te  was achieved by operating a ba tte ry  of 5 palladium  

tubes in p a ra lle l.

The hydrogen used was obtained from  a com m ercial cylinder of 

C. I. G. gas. The deuterium  was supplied by Liquid Carbonics Division of G eneral 

Dynamics C orporation in cylinders containing 100 N. T. P . l i tre s  and was stated  

by them  to contain not le ss  than 99. 9% of the isotope. The sm all amounts of 

hydrogen and deuterium  hydride adm itted would affect D/n  and W by approxi­

m ately 0.1%.

Diffusion through palladium  is  known to produce gas with an im ­

purity  level le ss  than 0 .1  ppm (Young, 1963). During the course  of the m e asu re ­

m ents the oxygen concentration was proved to be le ss  than 0. 001 ppm. D iscussion 

of the experim ents which showed th is  is  deferred  until section 4 .1 .

3 .5 .3  P re s su re  M easurem ent.

Two types of p re s su re  gauge w ere available: a p a ir  of capsule 

gauges (Crompton and Elford, 1957) covering the ranges 0 - 4 0  to r r  and 0 -  500 

to r r ,  and a fused quartz  sp ira l gauge m anufactured by Texas Instrum ents Ltd.

All the gauges w ere calib rated  against a C. E. C. type 6-201 p rim ary  p re s su re  

standard .

With the capsule gauges the p re s su re  could be m easured  with an 

e r ro r  of le s s  than 1% at 500 to r r ,  and 0. 25% at 40 to r r .  The la rg e r  e r ro r s  a t 

higher p re s su re s  a re  due to h y s te re s is  effects in the capsules. Fortunately  the 

high p re s su re s  a re  needed only for the very  low values of E/N where D/jn v a rie s  

slowly with E/N and hence e r ro r s  in p re s su re  m easurem ent a re  re la tive ly  

unim portant. The 0 - 4 0  to r r  capsule gauge was used only for som e of the early  

data (see 4. 2) and was la te r  superseded  by th e  quartz  m anom eter which was used 

to m easu re  all p re s su re s  below 250 to r r .  The accuracy  of the calib rated  gauge 

was b e tte r than 0.1% over the  en tire  range 5 -  250 to r r .  The fused quartz  con­

struction  m eans that the gauge is  v irtually  free  from  h y s te re s is  and is th e re fo re  

not subject to the lim itations of the capsule gauge.
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3 .6  T em perature  Control and M easurem ent.

3 .6 .1  At 293°K.

The tem peratu re  'at which the m easurem ents a re  made can affect
3a

the values of D/\i e ither d irec tly  (see equation 2. HS) o r ind irec tly  through its  

effect on the gas num ber density, since the gas p re s su re  ra th e r than N is 

m easured  to determ ine E/N. Since an uncertain ty  of 1 degree centigrade leads 

to an e r ro r  of 0. 3% in N at 293°K it is  n ecessa ry  to ex erc ise  considerable ca re  

in both the control and the m easurem ent of the gas tem p era tu re .

Two fine w ire copper-constantan therm ocouples w ere used to 

m easu re  the gas tem peratu re; one was attached to the source e lectrode and the 

other to the earthed  ring of the collector e lectrode. To avoid the danger of 

therm al e .m .f 's  being produced at conventional tungsten sea ls , hollow Kovar tube 

sea ls  w ere used.

The tem p era tu re  of the labora to ry  was controlled to -  1 degree  C 

and the experim ental tube was surrounded by a 3” thick jacket of ’’Styrofoam ". 

Heat generated  by the filam ent was rem oved by m eans of the w ater cooler 

(F igure 3 .3 ); d is tilled  w ater in a closed system  was c ircu lated  through the cooler 

by a sm all e lec trica lly  operated pump.

3 . 6 . 2  At 77°K.

At 77°K an e r ro r  of 1 degree in tem p era tu re  m easurem ent is  

re sp o n sib le  fo r an e r ro r  in N of m ore than 1%. A ccurate m easurem ent of the 

tem p e ra tu re  th e re fo re  becom es increasing ly  im portant as the gas tem p era tu re  is  

low ered . I t was n ecessa ry  to m ake severa l m odifications to the vacuum 

envelope, the liquid nitrogen container and the therm ocouples before the ap p ara ­

tus could be successfu lly  used a t 77°K.

The f i r s t  two of these  a ro se  from  the ex istence of tem p era tu re  

gradients of the o rd e r of 1°C between the source and receiv ing  e lec trodes when 

the outer jacket was filled  with liquid nitrogen. Subsidiary te s ts  made with an 

identical e lectrode stack  showed that th is could be overcom e by ra is in g  the level 

of the liquid n itrogen by 3". This n ecessita ted  the lengthening of the vacuum
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envelope and the construction of a new liquid n itrogen container.

The new container consisted of a copper can surrounded by approxi­

m ately  3” of solid poly-urethane externally  clad with alum inium  foil.

E rra tic  behaviour in the therm ocouples was traced  to therm al 

e. m. f Ts in the so ldered  joints n ear the sea ls . The troub le  was elim inated by 

spot welding the eureka w ires and using a special Leeds and Northrup low therm al 

so lder for the joins in the copper w ires.

Work hardening of the w ires caused changes of the o rder of 

40 - 50 p V in the therm ocouple e. m. f. of approxim ately 5400 ^ V corresponding 

to 77°K. However, provided fully annealed copper w ires and annealed eureka 

w ires w ere used and both w ere carefu lly  handled, a calibration  figure of 5401^ lfj, V 

was found to correspond to a tem p era tu re  of 76. 8°K. This figure was repeated  

many tim es with d ifferent couples and was checked for the actual therm ocouples 

used im m ediately before assem bling the apparatus. The e. m. f 's  w ere m easured  

with a Leeds and N orthrup K3 Potentiom eter and E lectronic  Null D etector. The 

re fe ren ce  junction was im m ersed  to a depth of 3 -  4” in an ice pot.

The therm ocouples w ere calib rated  against the known boiling point 

of a liquid nitrogen bath. The boiling point of liquid n itrogen  depends on the a t­

m ospheric  p re s su re  and on its  purity  (1% of oxygen ra is e s  the boiling point by 

approxim ately 0 .1°K). The purity  of the liquid n itrogen  used was always g rea te r 

than 99% but, n ev erth e le ss , both fac to rs  w ere accu ra te ly  m easured  and the 

ap p ro p ria te  co rrec tio n s  to the boiling point made; c a re  was taken to ensure  that 

the liquid n itrogen was not superheating. The sensitiv ity  of the therm ocouples 

used was 16 n V /d e g re e  at th is tem p era tu re .

The level of the liquid nitrogen was contro lled  autom atically  by a 

device designed and constructed  by Dr. M. T. E lford  (1965) who considerably 

modified the design of P u r s a r  and R ichards (1959). Using th is  device the level 

of the liquid n itrogen could be held constant to within -  J" which corresponds to 

a p re s su re  variation in the experim ental tube of approxim ately  1 -  2%. (The 

actual p re s su re s  used w ere , of course, recorded : see  section 4 .1 . 6 .)
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CHAPTER 4.

RESULTS FROM THE LATERAL DIFFUSION EXPERIMENTS.

M easurem ents of the ra tio  of diffusion coefficient to m obility w ere 

m ade fo r electrons in hydrogen and deuterium  at 293°K and 77°K and in p a ra -  

hydrogen at 77°K. These re su lts  a re  p resen ted  and d iscussed  in th is chapter.

Before proceeding to the re su lts  them selves it is  convenient to 

d is c u s s  sev era l m inor investigations which w ere made to understand and to o v e r­

come som e of the experim ental d ifficu lties. The investigation of one of these  

diff i cu lties, nam ely the cu rren t dependence of the re su lts  a t low E/N , led to the 

d isco v e ry  of the ex trem e sensitiv ity  of the re su lts  to oxygen in concentrations 

sev era l o rd e rs  of magnitude too sm all to be detected by any other known m ethod. 

This effect was shown to be capable of a t le a s t sem i-quantitative  determ ination 

of oxygen p resen t in hydrogen or deuterium  at concentrations of the o rd er of 

1 p a r t in lO1^.

4 .1  Experim ental D ifficulties and M inor Investigations.

During the course  of the experim ents many m easurem ents of D/p 

in hydrogen w ere made. W henever a new apparatus was to be te sted  or an existing 

apparatus checked for suspected fau lts, hydrogen was used as the te s t gas. I t  is  

p a rtic u la rly  suitable for a num ber of reaso n s. F irs tly , it can be p rep ared  easily  

in pure  form . Secondly, the tra n sp o rt p ro p e rtie s  of low energy e lectron  sw arm s 

in hydrogen a re  re la tive ly  in sensitive  to the p resen ce  of m olecular im purities  

should the gas subsequently becom e contam inated by outgassing of the apparatus. 

Thirdly , it  is  always possib le  to obtain adequate em ission  from  therm ionic 

sou rces  in the gas. Fourthly, the contact potential d ifferences of the gold 

su rfaces  used in the apparatus have been found to rem ain  stab le  over lengthy 

periods when hydrogen is  used as a te s t  gas.

4 .1 .1 . The Effect of the F in ite  Size of the Source Hole.

The effect of the fin ite s ize  of the source  hole was frequently 

observed. Table 4 .1  shows the varia tion  of k^ with p re s su re  at E /p  = 0. 02. This
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varia tion  is typical of that observed at any value of E /p  where re su lts  can be 

obtained over a wide range of p re s su re s . It shows that the value of r is e s  as 

the p re s su re  r is e s ,  i. e. as R in c rease s . This change is  of the sam e form  as 

tha t calculated by Crompton and Jo ry  (1962) to be due to the finite s ize  of the 

source  hole.

Table 4. 1.

V ariation of with p re ssu re .

E lectrons at E /p/=  0. 02 in hydrogen: .

p (torr) = 500 400 300 200 150

k = 1.133 1.132 1.132 1.129 1.127

Their calculations for a cham ber geom etry identical to tha t of the 

p re sen t apparatus show that the maxim um  variation  over the range of R used 

should be 0. 8%, a figure which ag rees  well with the observed variation. The 

fa ilu re  of these au thors to detect varia tions of th is magnitude in th e ir  own ex p eri­

m ents was alm ost certa in ly  due to the m asking of the effect by the contact potential 

d ifferences in th e ir  apparatus; no com pensation fo r these  contact potential 

d ifferences was made by them .

Since the m ajo rity  of the re su lts  w ere taken under conditions fo r 

which the ra tio s  w ere such that Crompton and J o ry ’s calculations show the effect 

to be negligible and since in any case  the to tal varia tion  over the whole range of 

R used  is  so sm all, values of D/ju at any value of E /p  w ere obtained by sim ply 

averaging the re su lts  obtained at all p re s su re s . Any e r ro r s  due to the fin ite 

s ize  of the source  hole a re  then much le s s  than the e r ro r  lim it of ^ 1% placed on 

the final data a t 293°K.

4 .1 .2  E r ro rs  Observed with Widely D ivergent E lectron S tream s.

In section 3 .1 .1  it  was sta ted  that the maxim um  value of field 

streng th  which could be used  in the p re sen t apparatus at 77°K when D/u ~  k T /e  

was 2 .5  V cm . Before proceeding to 77°K som e m easurem ents w ere made 

with low field s treng ths a t room  tem p era tu re  to investigate the effect of such low
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fields on the re liab ility  of the re su lts .

It was found that e r ro r s  due to contact potential d ifferences could 

be kept to a sa tisfac to rily  low level. However, if the contact potential compen­

sating voltage was set to give = 1. 000 for positive ions a t E = 2. 0 V cm \  then 

electron  re su lts  taken with this field strength  and com pensating potential w ere 

approxim ately 1|% lower than the accepted values. When th is te s t was repeated  

with E = 3 .0  V cm \  the lowest field  streng th  previously  used, re su lts  substan­

tia lly  in agreem ent with the accepted values w ere obtained.

A fu rther se t of re su lts  fo r e lectrons taken at a constant value of 

E /p  and high field s treng ths (so that contact potential differences w ere negligible) 

showed that the observed value of k^ in creased  äs the field strength , or the ra tio , 

in c reased . This is  shown in Table 4. 2.

Table 4 .2 .

Change in k^ 

E /p  = 1. 0 V cm "1

as ra tio  is increased . 

t o r r “1 fo r e lec trons in hydrogen.

Field streng th  (V cm -1 ) Ratio kl

10 .236 9.22

20 .415 9.25

30 .551 9.28

40 .656 9.28

50 .736 9.29

60 .798 9.29

The effect is  not due to the fin ite  s ize  of the source hole since

(a) the finite s ize  of the source  hole is  im portan t only for narrow  electron

s tre am s , i . e .  high ra tio s .

(b) the calculations of Crompton and Jo ry  (1962) show that if the effect of

the source  hole is  im portan t, the slope of the k^ v R curve d ecreases  

as R d ecrea se s  w hereas the slope of this curve in c rease s  at low R in 

the p re sen t observations.
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Since all other te s ts  showed that the effect was unlikely to be 

instrum enta l in origin, it is  suggested that the expression

R = 1 -  (h/d) exp ( -  A (d -  h ) ) (4.1)

may not adequately describe the divergence of the electron  s tream  over the whole 

range of experim ental p a ram ete rs . This re su lt is  not unexpected (Hurst and 

L iley, 1965).

It is  now possible to explain the 1|% e r ro r  observed for e lec trons

in the te s ts  with E = 2. 0 V cm \  The re su lt taken with E = 2. 0 for positive ions

was taken with a widely divergent stream and was in error b y ^  0. 7% because of

the effect ju s t described . By setting the com pensating voltage to give k = 1. 000

for the ions, th is e r ro r  was fa lsely  com pensated. As a re su lt, the e lectron  values

taken at the sam e field strength  w ere '*v/0. 7% low due to the in co rrec t com pensation

and 0. 7% low due to the system atic  e r ro r ,  i. e. l |%  low overall. At field

streng ths of 3 .0  V cm 1 or g rea te r , the ra tio  was higher and the system atic  e r ro r

was reduced to a negligible level.

Table 4. 2 shows that the e r ro r  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

w ere obtained with R > 0. 5 so that e r ro r s  from  th is  effect w ere en tire ly  negligible.

At room  tem p eratu re  the difficulty can generally  be avoided by using higher gas

p re s su re s  and e lec tric  field s treng ths to obtain the sam e value of E /p . In the

case  of the data of section 4. 2. 2, the difficulty could not be avoided because of

the lim itations im posed by the onset of e lec trica l breakdown in the apparatus, 
o

At 77 K the ra tio s  corresponding to the low field streng ths a re  much higher 

than they a re  a t 293°K and no problem s with widely d ivergent electron s tream s 

w ere encountered.

4 ,1 .3  Effect of an Insulating Layer on the C ollecting E lectrode.

After the fa ilu re  of the collecting e lec trode  described  by Crompton, 

E lford and Gascoigne (1965), the apparatus was d ism antled  to in se r t the co llec t­

ing e lectrode described  in 3 .1 .3 .

On re -a ssem b ly , te s ts  of the apparatus with both ions and e lec trons
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showed a tim e dependence of the cu rren t ra tio s  during the course  of the ex p eri­

m ents. For exam ple, the apparent value of for positive ions ro se  continually 

during the m easurem ents, but a fte r switching off the filam ent and waiting some 

tim e the value of was observed to have fallen considerably. The effects 

w ere repe titive  and could not be explained as resu lting  from  changes in the gas 

tem p era tu re . F u rth erm o re , the re su lts  for both ions and electrons depended 

on the na tu re  of the previous m easurem ent. Thus if the previous m easurem ent 

had been made with e lec trons, the re su lts  fo r ions w ere found to be low in 

co n trast to the high values which re su lted  from  prolonged use of ions. S im ilar 

effects w ere observed for e lec trons.

It was concluded that these  effects could be due to the p resence  of 

an insu la to r on the su rface  of the collecting electrode. The p resence  of charge 

on the insu lato r would explain the phenomena described  above and the re laxation  

observed when no m easurem ents w ere made.

The m ost likely  explanation on th is basis  was that a chip of g lass 

from  one of the e lectrode sp ace rs  had fallen on to the low er electrode. To te s t 

th is  hypothesis a s im ila r apparatus was assem bled  and a sm all piece of g lass 

placed on the outer collecting electrode close to the gap between the cen tral disc 

and surrounding annulus. The behaviour of th is apparatus was identical to the 

m ain apparatus thereby confirm ing the validity of the hypothesis. On dism antling 

the m ain apparatus no g lass  chip could be found. However, when the collecting 

elec trode  was viewed at oblique incidence a thin lay er of white powder could be 

seen on the su rface . The d istribution  of the powder indicated tha t it had been 

deposited a t som e stage during assem bly  of the electrode s tru c tu re . The dust 

was rem oved and the e lec trode  system  re -a ssem b led . R esults for e lec trons then 

ag reed  to within 0. 25% of the standard  values taken with the previous collecting 

electrode.

4 .1 .4  Compensation fo r Contact Potential D ifferences a t 77°K.

Im m ediately a fte r cooling the apparatus it was found that the 

contact potential com pensation could be adjusted using positive ions in the sam e
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way as a t room  tem peratu re . E lectron re su lts  taken shortly  afterw ards with the 

sam e com pensating potential appeared to be quite consistent. However som e tim e 

a fte r cooling, the use of the positive ion te s t was found to cause la rg e  and in c re a s ­

ing e r ro rs :  with constant compensating potential the departu re  of D/^i from  k T /e  

was found to in c rease  from  approxim ately 1% to approxim ately 14% over a period  

of severa l hours. E lectron re su lts  taken during th is  tim e showed a s im ila r , but 

sm a lle r , in c rease .

It was decided not to use the positive ions a t low tem p era tu re  and 

to re ly  on the agreem ent of electron  re su lts  taken at d ifferent field s treng ths as 

the te s t of the c o rrec tn ess  of the contact potential compensation. Any e r ro r s  

from  in co rrec t setting of the com pensating voltage w ere generally  le ss  than the 

experim ental sca tte r  a ris in g  from  the effects to be described  in subsequent 

sec tions, i. e. they w ere of the o rd e r of 0. 5% or le ss  at E = 1 V cm . When 

appreciab le  e r ro r s  due to in co rrec t com pensation w ere observed at low field 

s treng ths, only data taken at field s treng ths sufficiently high to reduce these  

e r ro r s  to le ss  than 0. 25% w ere included in the final analysis.

4 .1 . 5 Surface Effects a t 77°K.

On sev e ra l occasions when attem pting to check re su lts  a t low E /N , 

values of D/pi that w ere higher than the o ther data by approxim ately 3% at 

E = 1 .0  V cm 1 w ere obtained. The magnitude of th is  e r ro r  did not sca le  with 

E as would an e r ro r  due to a contact potential d ifference in the apparatus. On 

the other hand, w henever such an e r r o r  was observed and an attem pt was m ade 

to investigate  it  by taking re su lts  with field streng ths of 10 V cm 1 or g re a te r , 

the values so obtained w ere always in agreem ent with the data obtained when no 

e r ro r  was observed at low E/N . Once th is  e r ro r  was p re sen t in the apparatus 

it did not d isappear as long as the apparatus was held at low tem p era tu re , even 

when the apparatus was evacuated fo r som e tim e p rio r  to a new experim ental 

run. On the o ther hand, i t  d isappeared  as soon as the apparatus was re tu rn ed  to 

room  tem p era tu re  and usually  did not re -a p p ea r at low tem p era tu re  until a 

considerable  amount of data had been obtained.
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It becam e c lea r that e r ro r s  of the type ju s t described  w ere only 

observed  afte r taking re su lts  at high values of E/N and that they w ere enhanced 

a fte r long periods at low tem p era tu re . A possib le m echanism  to explain th is  

effect is  the form ation of an insulating lay er by the somewhat m ore energetic  

e lec trons bom barding an adsorbed lay er on the co llector surface. This view is  

supported by (a) the fact that the e r ro r s  becam e w orse a fte r long periods a t low 

tem p e ra tu re , and (b) the fact that the effect could always be elim inated sim ply by 

w arm ing the tube to room  tem p era tu re  fo r severa l days before re tu rn ing  to the low 

tem p era tu re , low E/N experim ents.

Fortunately  the effect, although inconvenient, could always be 

elim inated and the data to be given in subsequent sections w ere not subject to e r ro rs  

from  th is source. At low E /N , re su lts  w ere included in the final analysis only 

when the effect was known to be absent during a p a rticu la r experim ental r u n . At 

high E/N w here high field s treng ths w ere used, the values of D/\i w ere always in 

ag reem ent whether or not the effect was p resen t. All the data obtained a t high E/N 

and high field  s treng ths w ere th e re fo re  included in the final analysis.

4 .1 .6  The D eterm ination of Gas Num ber Density a t 77°K.

Small fluctuations in the level of the liquid n itrogen made i t  im ­

p rac ticab le  to work at p rede term ined  values of E /p  as had been the p rac tice  a t 

293°K. M oreover, D/ju , like  the o ther tran sp o rt coefficients, is  fundam entally a 

function of E/N ra th e r than E /p . Accordingly each experim ental observation 

consisted  of the m easurem ent of the cu rren t ra tio  together with the tem p era tu re  

and p re s su re  of the gas. T hese data and the known value of the e lec tric  field  

s treng th  enabled the value of E/N and the corresponding value of D/ju to be 

determ ined .

4 . 1 . 7  C urren t Dependence of R esults at Low E/N.

Crompton and E lford (1963) repo rted  a slight dependence of the 

d ivergence of the e lec tron  s tre a m  on the to tal cu rren t received . This phenomenon 

was frequently  observed in the p re sen t experim ents for E /p  < 0. 01 and som etim es 

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 were linearly dependent on the current. The true values of were
found in such cases by extrapolating to zero current from values recorded at 

-13 -12currents of 6 x 10 A and 1. 2 x 10 A. The difference between the extrapolat­
ed value of k  ̂ 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 k  ̂ 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 indicated 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 

_6
better than 10 torr between experimental runs.

The current dependence of the results was the subject of two 
series of tests. The first of these 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 semi quantitative 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 presence
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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 likely source of impurity was outgassing of the 
apparatus and vacuum envelope. The gases most likely to be present from out- 
gassing are oxygen, carbon dioxide and water vapour. 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 k  ̂ 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 oxygen 
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 occurred 
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 77°K showed a number of inconsistencies which were not apparent 
with the experiments in hydrogen. From 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/fj, 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 77°K, this rate must have been very much reduced. This made the
oincreased dependence at 77 K somewhat surprising. The second and more 

important observation was that with a 500 to rr sample of gas in which the dependence 

of the apparent values of D/ja on the current was comparatively high, the apparent 

value corresponding to a given current fell slowly 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 external 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/n 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 temperature. 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/ju 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 negative ions in the 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 could both be 
explained in terms of space charge repulsion enhanced by negative oxygen ions 
formed by thermal attachment, the number of oxygen molecules 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 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 desorption rate
when the pressure was reduced. This provided a reasonable explanation 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

_6
in fresh samples of gas, even though the system is pumped to less than 10 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 
for some 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 severa l hours, a subsequent filling with clean gas 

led to a cu rren t dependence 6 - 7  tim es la rg e r  than norm al; th is confirm ed the 

"m em o ry "  of the apparatus for oxygen as described  above.

Several te s ts  with decreasing  oxygen concentrations w ere m ade.

The m ix tu res w ere p rep ared  in the following way:

A fter iso lating  the evacuated apparatus from  the vacuum system  

the req u ired  p re s su re  of oxygen was adm itted. The oxygen p re s su re  was 

m easu red  on the P iran i gauge and was of the o rder of 0 .1  to 5 m icrons. High 

p re s su re  hydrogen was adm itted and the oxygen concentration calculated. The 

p re s s u re  of the contam inated hydrogen was reduced to a lower value (2 -  10 to rr)  

before  sharing  volumes with the apparatus and increasing  the p re s su re  to 500 to r r  

by adm itting pure  hydrogen.

d ifferen t ways by selecting  the appropria te  p re s su re s  at each stage. A com plete

experim ental rim with zero  oxygen concentration was made to check that back

diffusion from  the backing pump was not a  significant fac to r. The re su lts  of the

various te s ts  a re  se t out in Table 4 .3 . The ”% slope” re fe rs  to the percentage
-13difference in the values of D//i as m easu red  at cu rren ts  of 6 x 10 A and

The sam e final oxygen concentration could be produced in sev era l

1.2 x 10 12 A.

Table 4.3

Effect of oxygen concentration on the cu rren t slope at
-19 2

E/N = 2 x 10 V cm

Oxygen concentration % Slope

Too la rg e  to m easu re

5 .8  in 108 

6 .3  in 109 

5 .2  in 1010

59%
49%

21%

16%

17%

2. 6 in 1010 * 

2 .6  in 1010 *

p rep a red  in d ifferent ways.
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From  this table and the observed cu rren t dependence under norm al experim ental 

conditions at 77°K it can be seen that the oxygen concentration m ust be much le ss  

than 2 p a rts  in lO1^. The close agreem ent of the slopes for the m ixtures of 

2. 6 in 1010 is  gratifying in view of the difficulty in m easuring  the p re s su re  at 

each stage of p reparation ; it shows that the effect could be used for at le a s t sem i- 

quantitative determ inations of oxygen in a c a r r ie r  gas and that the method would 

be a useful m eans of detection at le a s t th ree  o rd e rs  of magnitude m ore sensitive  

than any other known method.

Once again, c loser exam ination of the theore tical analysis of Liley 

(1966) shows that the sensitiv ity  to oxygen depends approxim ately on the fifth 

power of the gas tem p era tu re . This explains why the effect was m ore pronounced 

at 77°K than it was at 293°K and why such sm all concentrations of oxygen could be 

detected at low tem p era tu re . It fu rth erm o re  shows that the sensitiv ity  of the 

oxygen detecto r could be m ade variab le  by a ltering  the gas tem peratu re .

4. 2 R esults for Hydrogen.

Some of the data in hydrogen w ere m easured  at predeterm ined  

values of the p a ram e te r E /p  ra th e r than at p redeterm ined  values of E/N. In such

cases E /p  is  used to m ean E /p  w here the gas p re s su re  is  m easured  at 293°K.
-1  -1W here not specifically  stated  the units of E /p  a re  V cm  to r r  , and of E/N ,

„  2 V cm .

4. 2 .1  At 293°K. 0. 006 ^  E /p  < 2 , 0  V cm 1 to r r  \

Two se ts  of re su lts  w ere taken covering the full range 

0. 006 ^  E /p  < 2. 0 in hydrogen. One of these  was m ade with an early  version  

of the collecting e lectrode which proved unsuitable for the low tem p era tu re  work 

(see 3 .1 .3 ) and the o ther with the collecting electrode used fo r the m ajority  of 

the p resen t investigation. The early  se t of data w ere taken before the quartz  

m anom eter was available and before the sm all co rrec tion  to the method of setting 

the contact potential com pensation described  in 3 .4  was employed, i. e. in th is 

case the experim ental techniques w ere identical to those of Crompton, Elford 

and Gascoigne (1965). If no com pensating voltage was applied an e r ro r  in k^
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for both positive ions and e lectrons of 0. 7% occurred  at a field strength  of 

3 .0  V cm 1 . This e r ro r  was elim inated, o r com pensated fo r, by applying a 

voltage of 100 mV between the guard rings and end p lates of the apparatus. For 

com pleteness, tabulated values of found in this investigation a re  given in 

Table 4. 4. The en tries  in th is table a re  the averages of two com plete se ts  of data 

taken with d ifferent gas sam ples. The maximum discrepancy at any point between 

these two se ts  was 0. 3%; m ost of the re su lts  agreed to 0.1% or be tte r.

Table 4. 5 shows the values of k^ found in a la te r  investigation

using the apparatus rebu ilt to incorpora te  the collecting electrode described  in

3 .1 .3 . The data shown in th is  table w ere obtained using the various m odifications

to the techniques of Crom pton, Elford and Gascoigne described  in the previous

chapter. P rincipally , these  w ere the use of the quartz  m anom eter for p ^ 2 0 0  to r r

and the m ethod of adjusting the com pensating potential. One fu rther technique was

employed to obtain the b est values of k at the low est values of E /p. This involved
_1

the taking of re su lts  with a field streng th  of 1. 5 V cm over a lim ited  range of 

E /p.

If the field  streng th  is held constant and E /p  is  varied  by changing 

the p re s su re  p, then the cu rren t ra tio s  rem ain  p rac tica lly  constant provided the 

electron tem p era tu re  does not r is e  by m ore than a few percen t. Since the c u rren t 

d istribution a c ro ss  the collecting e lectrode is  always s im ila r under these  c ircu m ­

stances, e r ro r s  due to sym m etrical o r asym m etrica l field d istortion  should rem ain  

constant to a f i r s t  o rd e r. The re su lts  obtained in th is way have a sm all sy stem atic  

e r ro r  which can be rem oved by norm alizing them  against a value taken at a field  

strength  sufficiently high to reduce contact potential e r ro rs  to a negligible level, 

the highest E /p  value being used for th is  purpose.

M easurem ents w ere m ade with a field strength  of 1. 5 V cm 

and with p re s su re s  of 150, 200, 300, 400 and 500 to r r .  The k^ v E /p  curve 

obtained in th is way was approxim ately  0. 9% below the curve obtained a t higher 

field streng ths. When the points of the E = 1. 5 curve w ere 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 th is way extrapolated  to k^ = 1. 000 at E /p  = 0 .0 . The difference
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between the values of 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) i t  is thought that the values at E/p = 0.006 and 0. 008 

found in 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//n rather than k^, the data in this table are values of D // i. To 

prevent erro rs  due to rounding off, the values of D/w shown have been recalculated 

from the orig inal ra tio measurements rather than by dividing the average values 

of k^ by kT /e. An e rro r lim it of -  1% 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 

given in Table 1 of Appendix 2.

4.2.2. Results fo r 1.0 ^  E/p ^  10.0 V cm 1 to rr 1.

The geometry of the chamber and the lim itation 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 

e rro r the data are claimed to be in e rro r by less than 2%. E rro rs from sources 

other than the use of low current ratios should be very small since the temperature 

and pressure were accurately measured and the fie ld strengths were so high that 

contact potential effects were completely negligible. Table 4. 7 gives the values 

of D/ft in hydrogen for 1 .0 ^  E/p ^  10. 0; the values of the parameter k^ corres­

ponding to the average values in this table are also given.
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Table 4. 7

D/ju in Hydrogen at 293° K.

p

E /p

10 8 6 4 Average kl

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 .7406 .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 tem p era tu re  and p re s su re  w ere 

recorded  to enable the corresponding value of E/N  to be determ ined. Small 

co rrec tions to the m easured  values of D//u w ere then m ade to convert them  to

the values corresponding to the values of E /p  shown in the table.293

4 .2 .3  At 77°K. 2. 0 x 10~2° < E/N  < 1. 2 x 10~16 V cm 2.

Other than data excluded for the reasons given in 4 .1 . 4 and 4 .1 .5  

a ll the re su lts  for hydrogen w ere plotted on a graph with sca les  sufficiently la rg e  

to allow the values of D/\i to be read  off a t the req u ired  values of E/N with an 

e r ro r  of no m ore than 0.3%. Almost 250 individual data points fa irly  evenly 

d istribu ted  over the whole range of E/N  w ere plotted and every point lay within
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-  1% of the line of b est fit drawn through the data.

It was observed that a tem p era tu re  gradient of approxim ately 0 .3 °  

appeared  between the cathode and anode of the diffusion cham ber as the p re s su re  

was p ro g ressiv e ly  low ered from  500 to 5 to r r  over a period of som e hours. A 

corresponding change in mean tem pera tu re  from  77.3°K  to 77.4°K  was observed. 

The r is e  in tem p era tu re  of the top p late  of the apparatus is  due alm ost en tire ly  to 

rad ian t heating from  that p a rt of the apparatus not im m ersed  in the liquid n itrogen 

bath. At high p re s su re s  conduction and convection through the hydrogen helps to 

keep the tem p era tu re  of the top p late  c lose to that of the liquid nitrogen bath; as 

the p re s su re  is reduced the apparatus becom es le ss  effectively coupled to the heat 

sink and the tem p era tu re  gradient a c ro ss  the cham ber in c reases.

This tem p era tu re  r is e  has been taken into account in p reparing  

Table 4. 8. An e r ro r  lim it of - 2% is  p laced on the data in th is table. The actual 

conversion fac to rs  used w ere :

-20 18 
2 x 10 ^  E/N < 5 x 10 T = 77. 2 (8)°K k T /e  = 0.006659 eV

5 x 10"18 < E/N < 2. 5 x 10~17 T = 77. 3(4)°K k T /e  = 0.006664 eV
17 16

2. 5 x 10 <  E/N  < 1 . 2 x 1 0 T = 7 7 .4(0)°K k T /e  = 0.006669 eV

4 . 2 . 4  Com parison with O ther D ata.

Other re su lts  for k^ in hydrogen at 293°K have been reported  by 

Townsend and Bailey (1921), Crompton and Sutton (1952), Crompton and Jo ry  (1962), 

Cochrane and F o re s te r  (1962) and Crompton and Elford (1963). W arren and P a rk e r  

(1962) have rep o rted  values fo r D/n in hydrogen at 77°K.

With the exception of Crompton and Elford, whose re su lts  w ere 

p resen ted  only in a graphical fo rm , none of the other w orkers have obtained 

accu ra te  values of k^ in the n ear th erm al region. F igure  4 .1  shows the p re sen t 

re su lts  exp ressed  as e ither k., o r D//i and plotted as a function of E /p  or E/N . 

The data of Table 4. 7 have been included in th is figure.

The agreem ent of the p re sen t re su lts  with the unpublished but 

tabulated  data of Crompton and Elford (1963) is  of the o rd e r of 0.5% over the 

common range of E /p  (0. 006 ^  E /p  ^  0.10). The agreem ent with the re su lts



Figure 4 .1
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Figure 4. 2
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Table 4.8

D4i and in hydrogen at T?.3°K.

E/N D / ß ki
-20

2 .0  x 10 0.00676 1.01(5)

2.5 0.00681 1.02(2)

3 .0 0.00685 1.02(9)

3 .5 0.00690 1.03(6)

4 .0 0.00696 1.04(5)

4 .5 0.00702 1.05(4)

5.0 0.00709 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)

-19
1 x 10 0.00790 1.18(6)

1.2 0.00827 1.24(2)

1.4 0.00867 1.30(2)

1.6 0.00907 1.36(2)

1.8 0.00946 1.42(1)

2.0 0.00986 1.48(0)

2.5 0.0108(4) 1.62(8)

3 .0 0.0117(9) 1.77(1)

3 .5 0.0126(8) 1. 90(4)

4 .0 0.0135(3) 2.03

4 .5 0.0143(2) 2.15

5.0 0.0150(8) 2. 26

6 .0 0.0164(9) 2.48

7 .0 0.0177(7) 2.67

8.0 0.0189(3) 2.84

9.0 0.0200 3.01



E /N

7 2 .

D /m *1

l . o  x  i o ' 18 0 .0210 3 . 1 6

1 . 2 0 .0 2 2 9 3 . 4 4

1 . 4 0 .0247 3 . 7 1

1 .6 0 .0263 3 . 95

1 . 8 0 .0 2 7 8 4 . 1 8

2 . 0 0 .0 2 9 4 4 . 4 2

2 . 5 0 .0 3 2 9 4 . 94

3 . 0 0 .0 3 6 4 5 .4 7

3 . 5 0 .0 3 9 8 5 .9 8

4 . 0 0 .0433 6 . 5 0

4 . 5 0 .0467 7 .0 1

5 . 0 0 .0 5 0 2 7 . 5 4

6 . 0 0 .0 5 7 2 8 . 5 9

7 . 0 0 .0 6 4 2 9 .63

8 . 0 0 .0713 10 . 7 (0 )

9 . 0 0 .0786 11 . 8 (0 )

1 . 0  x  10"17 0 .0860 12 . 9 (1)

1 .2 0 . 100 (8) 15 . 1 (3 )

1 . 4 0 . 115 (7) 17 . 3 (6 )

1 . 6 0 . 130 (6 ) 19 . 6 (0)

1 . 8 0 . 145 (3 ) 2 1 .8

2 . 0 0 . 159 (5) 2 3 . 9

2 . 5 0 . 192 (9) 2 9 .0

3 . 0 0 .2 2 4 3 3 . 6

3 . 5 0 .2 5 2 3 7 . 8

4 . 0 0 .2 7 8 4 1 . 7

4 . 5 0 .3 0 2 4 5 .3

5 . 0 0 .3 2 5 4 8 . 8

6 . 0 0 .3 6 6 54 . 9

7 . 0 0 .4 0 5 6 0 .7
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E/N D/n k l

8.0 0.440 66.0

9.0 0.474 71.1

1.0 x IO"16 0.506 75. 9

1.2 0.565 84.7
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of Crom pton and Jo ry  (1962)(0.1 <  E /p  ^  5 .0) is  also w e ll w ith in  the combined 

experim enta l e r ro r  provided a sm a ll co rre c tio n  is  made to the published data of 

these w o rke rs . This co rre c tio n  resu lts  fro m  the 0.37% d iffe rence  between the 

to r r  and the 20°C mm of m e rcu ry  used by them. I f  a tem pera tu re  of 15°C is  

assumed fo r  the w ork of Townsend and B a ile y  th e ir  resu lts  also agree w e ll w ith  

the present data. Above E /p  = 1. 0 there  is  also fa ir  agreement w ith  Crompton 

and Sutton’ s values. A d iscussion of the possib le  sources of e r ro r  in  Crompton 

and Sutton’ s data below E /p  = 1 .0  was given in  Crompton and Jo ry  (1962). The 

d iscrepancy between the present re su lts  and those of Cochrane and F o res te r is  

s u rp r is in g ly  la rge  (in excess of 25% in  some places) in  view  of the modern 

techniques applied in  each case. Because of the good agreement w ith  e a r lie r  data 

above E /p  = 1 .0  and the excellent agreement w ith  Crom pton and E lfo rd  below 

E /p  = 1. 0, none of the other sets of data have been p lo tted in  F igu re  4 .1 .

In  F igure  4. 2 the present re su lts  at 77°K are compared w ith  those 

o f W arren and P a rke r (1962), the only other data ava ilab le . A l l the present 

experim enta l points lie  w ith in  the th ickness of the lin e  p lotted. The agreement 

between these data and those of W arren and P a rke r is  not good since d iscrepancies 

o f up to 15 -  20% ex is t between the two sets. These authors made no compensation 

fo r  contact po ten tia l d iffe rences w ith in  th e ir  apparatus and used f ie ld  strengths 

which, at tim es , were as low  as 1/10 the sm a lles t used in  the present experim ents. 

E r ro rs  fro m  contact potentia l and other surface effects could reasonably be 

expected to be much la rg e r than in  the present re s u lts . The se lf consistency of 

W arren and P a rk e r ’s data was so poor that they w ere  forced to use an e m p irica l 

ca lib ra tio n  to obtain m eaningful re su lts . Even w ith  th is  ca lib ra tio n  the sca tte r 

in  the tabulated data supplied by them is  s t i l l  often in  excess of 5%; a tru e  com ­

parison w ith  the present re su lts  thus becomes d iff ic u lt.

By using such low  e le c tr ic  f ie ld  strengths W arren and P a rke r 

extended th e ir  data to values of E /N  approx im ate ly  an o rde r of magnitude low er 

than the presen t re su lts . However the doubtful re l ia b i l i ty  of th e ir  data and the 

fac t that the present data extend to w ith in  1^% of th e rm a l energy suggest that such 

a step is  ne ith e r ju s tif ie d  no r essentia l.
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A com parison between the values of D/\i m easured  at both 77°K

and 293°K is  also given in F igure 4. 2 As expected, the curves at both tem p era tu res

extrapolate to the therm al value of k T /e . As E/N  is  increased  the energy supplied

to the electrons by the e lec tric  field in c rease s  and the effect of the therm al energy

of the gas m olecules becom es le ss  im portant. Thus the D/fjt curves at the two

tem p era tu res  gradually m erge and the value of D/jx is  v irtually  independent of the
-17gas tem pera tu re  from  about E/N = 4 x 10 upw ards.

C loser exam ination of the data of Tables 4. 6 and 4. 8 shows that 

the re su lts  at the two tem p era tu res  do not exactly ag ree, the re su lts  of the 77°K 

experim ent being 1.3% below the 293°K values over a considerable range of E /N . 

Since the re su lts  a re  taken with exactly the sam e e lec tric  field strengths and 

gas num ber densities a t the two tem p era tu res  the m easured  cu rren t ra tio s  a re  

exactly the sam e in each case. F or th is reason  it is  unlikely tha t the sm all 

d ifference is  instrum ental and it should th e re fo re  be considered significant.

4 .3  R esults fo r D euterium .

4 .3 .1  At 293°K. 0.006 ^  E /p  ^  2 .0  V cm 1 to r r  \

R esults in deuterium  w ere taken im m ediately a fte r establishing 

the re liab ility  of the apparatus and m easuring  equipm ent with hydrogen. The 

sm all potential applied to com pensate for the effects of contact potential d ifferences 

in the apparatus was exactly the sam e in deuterium  as it was in hydrogen.

Two com plete se ts  of data for k^ in deuterium  w ere obtained, the 

experim ental de tails  being exactly the sam e as those given in 4. 2 .1 . However, 

the agreem ent of the two se ts  of data taken with the d ifferent collecting e lec trodes 

was slightly w orse in deuterium  at the in te rm ed ia te  values of E /p  than it was in 

hydrogen. Over m ost of the E /p  range the re su lts  agreed  to 0.5% or b e tte r but 

for 0 .1  < E /p ^ 0 .6  the d iscrepancy was of the o rd e r of 0. 75%. Since the re su lts  

w ere taken under identical conditions to those in hydrogen it was thought tha t the 

d isagreem ent m ight have been due to a rea l d ifference in the purity  of the gas 

sam ples used on the two occasions. A fu rth er se t of re su lts  w ere taken with gas 

from  a th ird  cylinder of deuterium : these re su lts  w ere in excellent agreem ent



76 .

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/a as a function of E/p ; an
29u

error limit of - 1% 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 k .̂

The values of D/p at various values of E/N were found graphically 

and are presented in Table 2 of Appendix 2.

4.3. 2 At 77°K. 2. 0 x 10~2Q < E/N < 1 . 2 x  10~16 V cm2.

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

ly 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 k̂  and D/p at low and high E/N. Thus 

for D/p < 10 kT/e the graphs were plotted in terms of ^  since in this range k̂  is 

relatively insensitive to changes in the gas temperature. For D/p 2: 10 kT/e the 

graphs were plotted in terms of D/p 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/p and k̂  was made by multiplying or dividing by kT/e, the 

actual factors used being :
20 192 x 10 < E/N < 2 x 10 kT/e = 0.006651 eV
19 182 x 10 < E/N < 1. 2 x 10 kT/e = 0. 006662 eV

1. 2 x 10"18 < E/N =£ 1.2 x 10"16 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 - 1% of the line of best fit 

drawn through the remainder. Tabulated values of D/p and k  ̂ are given in 

Table 4.10; the expected error lim it on these data is - 2%.
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Table 4.10

D/jit and in Deuterium at 77.3°K.

E/N D/ft k l
-20

2.0 x 10 0.00680 1.02(3)

2.5 0.00682 1.02(6)

3.0 0.00685 1.03(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 0.00722 1.08(6)

8.0 0.00733 1.10(2)

9.0 0.00744 1.11(8)

1.0 x 10-19 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 1.30(2)

2.5 0.00916 1.37(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 0.0121(1) 1.81(8)

7.0 0.0128(9) 1. 93(5)

8.0 0.0136(6) 2.05

9.0 0.0144(3) 2.17
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E /N D / f i k l

1 . 0  x  10"18 0 . 0 1 5 2 ( 1) 2 . 2 8

1 . 2 0 . 0 1 6 8 (1 ) 2 . 5 2

1 . 4 0 . 0 1 8 4 (0 ) 2 . 7 6

1 . 6 0 . 0 2 0 0 3 . 0 1

1 . 8 0 . 0 2 1 7 3 . 26

2 . 0 0 . 0 2 3 4 3 . 5 1

2 . 5 0 . 0 2 7 8 4 . 1 7

3 . 0 0 . 0 3 2 3 4 . 8 4

3 . 5 0 . 0 3 7 1 5 . 5 7

4 . 0 0 . 0 4 2 1 6 . 3 2

4 . 5 0 . 0 4 7 1 7 . 0 6

5 . 0 0 . 0 5 2 1 7 . 8 1

6 . 0 0 . 0 6 2 7 9 . 4 1

7 . 0 0 . 0 7 3 7 1 1 . 1 (0 )

8 . 0 0 . 0 8 4 8 1 2 . 7 (0 )

9 . 0 0 . 0 9 5 7 1 4 . 4 (0 )

1 . 0  x  10"17 0 . 1 0 6 (6 ) 1 5 . 9 (0 )

1 . 2 0 . 1 2 7 (9) 1 9 . 1 (9)

1 . 4 0 . 1 4 7 (6 ) 2 2 . 2

1 . 6 0 . 1 6 6 (2 ) 2 4 . 9

1 . 8 0 . 1 8 3 (6 ) 2 7 . 6

2 . 0 0 . 1 9 9 (7 ) 3 0 . 0

2 . 5 0 . 2 3 7 3 5 . 5

3 . 0 0 . 2 7 0 4 0 . 5

3 . 5 0 . 3 0 2 4 5 . 3

4 . 0 0 . 3 3 1 4 9 . 7

4 . 5 0 . 3 5 8 5 3 . 7

5 . 0 0 . 3 8 5 5 7 . 8

6 . 0 0 . 4 3 5 6 5 . 3
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E/N D /fi k l

7.0 0.484 72.6

8.0 0.527 79.1

9.0 0.570 85.5

- lß
1 . 0 x 1 0 0.612 91.8

1.2 0.694 104. (0)
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The raw  data showed som e evidence of a plateau in the D //i v E/N
-20  2curve fo r both hydrogen and deuterium  at about E/N = 2. 5 x 10 V cm . An 

investigation of the shape of the curve by taking re su lts  with a field streng th  of 

0. 65 V cm  confirm ed the possib ility  of such a plateau, p a rticu la rly  in deuterium . 

However the maximum divergence from  the shapes of the curves rep resen ted  by 

Tables 4. 8 and 4.10 was only 0. 5 -  0. 8% and since th is  was within the ex p eri­

m ental e r ro r  no firm  conclusion could be drawn.

4 .3 .3  Com parison with Other D ata.

The room  tem p eratu re  data of Table 4. 9 a re  shown plotted as a

function of e / p 293 or E/N in F igure 4 .3 . Also shown in this figure a re  the

re su lts  of Hall (1955) and of C rease r (1966) these  being the only other data for

deuterium  at 293°K. All the 31 average values from  the p resen t experim ent lie

within the th ickness of the line plotted.

T here is  only lim ited  overlap of H all’s re su lts  with the p re sen t

range of E /p . Since she used lower gas p re s su re s  and did not co rre c t fo r the

effects of contact potential d ifferences in h e r apparatus h e r re su lts  a re  m ore

susceptib le  to experim ental e r ro r  than a re  the p re sen t ones. N evertheless, at the

highest values of E /p  w here the effects of contact potential differences a re  le as t,

the two se ts  of data ag ree  to within the combined experim ental e r ro r .  C re a s e r ’s

data cover only the range 2. 0 <  E /p  < 10.

A com parison of the p re sen t re su lts  at 77°K with those at 293°K

and with the data of W arren and P a rk e r  (1962) for 77°K is  shown in F igure 4 .4 .

All the p re sen t experim ental points lie  within the th ickness of the lines plotted.

All the re m a rk s  of section 4. 2 .4  a re  equally re levan t here . Thus,

the sca tte r  in W arren and P a rk e r 's  data is  often in excess of 5% and the estim ated

rea l d ifference between th e ir  re su lts  and the p re sen t data is  about 15%. S im ilarly ,

a com parison of the data of Tables 4. 9 and 4 .10  shows that, as in hydrogen, the

77°k  data do not m erge com pletely with the 293°K values but rem ain  approxi-
-17m ately 1.3% below them  from  E/N  = 4 x 10 upw ards.
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4. 4 Results for para-Hydrogen.

4. 4.3. At 77°K, 2. 0 x 10~2Q < E/N < 5 x  10~17 V cm2.

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 m ost, a 20% 

change in the value of D/p at a given value of E/N, any e rro rs 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 sm aller rise  in the mean 

temperature of the apparatus as the pressure was lowered. The factors used for 

interchange between D//lc and in para hydrogen were:

2 x 10"2° < E/N < 1 x 10"17 T = 77. 28°K kT/e = 0. 006659

1 x 10"17 < E/N < 5 x 10"17 T = 77. 47°K kT/e = 0. 006675.

A total of 66 individual data points were taken and when these 

were plotted on a graph sim ilar 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 term s of k^ for D/p < 10 kT/e 

but D/p for D/p ^  10 kT/e. The values of D/ju 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 previous measurements of electron 

transport coefficients in para-hydrogen. A comparison between the values of 

D/p  measured in para-hydrogen and in normal hydrogen is shown in Figure 4. 5

and discussed in the following section. The small difference between the values
-20 -19of D/p for 2 x 10 < E/N < 1 x 10 is considered significant but, being

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

I o
D/p and in para-hydrogen at 77.3 K.

E/N D/p kl

2 .0  x 10"20 0.00686 1.03(0)

2.5 0.00692 1.03(9)

3 .0 0.00698 1.04(8)

3 .5 0.00705 1.05(8)

4.0 0.00711 1.06(8)

4.5 0.00717 1.07(7)

5.0 0.00724 1.08(7)

6.0 0.00740 1.11(1)

7.0 0.00759 1.14(0)

8.0 0.00778 1. 16(8)

9.0 0.00796 1.19(5)

1.0 x 10"19 0.00814 1.22(3)

1.2 0.00852 1.27(9)

1.4 0.00888 1.33(3)

1.6 0.00924 1.38(7)

1.8 0.00960 1.44(1)

2.0 0.00996 1.49(6)

2.5 0.0108(1) 1.62(3)

3.0 0.0116(4) 1.74(8)

3.5 0.0123(9) 1.86(0)

4.0 0.0131(1) 1. 96(8)

4.5 0.0137(2) 2.06

5.0 0.0143(2) 2.15

6.0 0.0153(2) 2.30

7.0 0.0163(1) 2.45

8.0 0.0170(5) 2.56

9.0 0.0177(1) 2.66
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E /N D/pi
kl

1 . 0  x  1 0 " 18 0 . 0 1 8 4 (5 ) 2 . 7 7

1 . 2 0 . 0 1 9 7 (8 ) 2 . 9 7

1 . 4 0 . 0 2 1 1 3 . 1 7

1 . 6 0 . 0 2 2 4 3 . 3 6

1 . 8 0 . 0 2 3 6 3 . 5 4

2 . 0 0 . 0 2 4 7 3 . 7 1

2 . 5 0 . 0 2 7 2 4 . 0 9

3 . 0 0 . 0 3 0 2 4 . 5 4

3 . 5 0 . 0 3 3 4 5 . 0 1

4 . 0 0 . 0 3 6 5 5 . 4 8

4 . 5 0 . 0 3 9 6 5 . 95

5 . 0 0 . 0 4 2 8 6 . 4 3

6 . 0 0 . 0 4 9 7 7 . 4 6

7 . 0 0 . 0 5 6 7 8 . 5 2

8 . 0 0 . 0 6 3 9 9 . 6 0

9 . 0 0 . 0 6 7 9 1 0 . 1 (9)

1 . 0  x  1 0 " 17 0 . 0 7 9 2 1 1 . 8 (7 )

1 . 2 0 . 0 9 4 6 1 4 . 1 (7 )

1 . 4 0 . 1 0 9 (7 ) 1 6 . 4 (3 )

1 . 6 0 . 1 2 4 (9) 1 8 . 7 (1 )

1 . 8 0 . 1 3 9 (8) 2 0 . 9

2 . 0 0 . 1 5 4 (4 ) 2 3 . 1

2 . 5 0 . 1 8 9 (4 ) 2 8 . 4

3 . 0 0 . 2 2 1 3 3 . 1

3 . 5 0 . 2 4 9 3 7 . 3

4 . 0 0 . 2 7 5 4 1 . 2

4 . 5 0 . 3 0 1 4 5 . 1

5 . 0 0 . 3 2 5 4 8 . 7



Figure 4. 5
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4. 5 General D iscussion of Results at 77°K .

In  addition to the com parison made in  F igu re  4. 5, a com parison 

between the values of D /p  in  norm al hydrogen and deuterium  is  shown in  F igu re  4 .6 . 

A qua lita tive  descrip tion  of these curves can be given in  te rm s of the various 

c o llis io n  processes occu rring . Reference should be made to Appendix I fo r  a d is ­

cussion of the ro ta tiona l quantum num bers, a llowable tra n s itio n s  and the p ropo rtions 

of o rth o - and p a ra - m olecules in  each case. The momentum tra n s fe r cross section 

is  the same in  a ll th ree  gases.

Com paring the curves fo r  no rm a l hydrogen and no rm a l deu terium  

(F igu re  4. 6) i t  is  seen that the value of D /p  in it ia l ly  r is e s  m ore ra p id ly  in  

hydrogen than i t  does in  deuterium . Th is occurs because the f i r s t  ro ta tiona l th re s ­

hold in  deu terium  is  at app rox im ate ly  0. 028 eV and, at 77°K, the J *? 0 leve l in  

deuterium  is  occupied by approx im ate ly  60% of the m olecules (see Appendix I).

Even when the electrons are  in  the rm a l e q u ilib r iu m  w ith  the gas th e ir  mean energy 

is  0. 01 eV and there  are  a s ign ifican t num ber whose energy exceeds 0. 028 eV.

As the value o f E /N  is  increased m ost of the energy rece ived by the e lectrons fro m  

the fie ld  is  used in  exc iting  the J = 0 to J = 2 tra n s it io n  and, as a re s u lt, the mean 

e lectron energy r is e s  only s low ly . In  the case of hydrogen, not only does the f i r s t  

ro ta tiona l tra n s it io n  have a th resho ld  at the h igher value of 0. 045 eV, but only 

25% of the hydrogen m olecules occupy the J = 0 leve l. An appreciable change in  the 

slope of the D /p v E /N  curve  the re fo re  does not occur u n til a considerable p ro ­

po rtion  of the e lectrons in  the sw arm  have an energy in  excess of 0. 075 eV which 

corresponds to the th resho ld  of the J = 1 to J = 3 tra n s itio n .

In  both gases the ro ta tiona l cross sections become only s low ly  r is in g  

functions of the e lectron energy a fte r the rap id  r is e  in  the near th resho ld  reg ion. 

This behaviour, coupled w ith  the ve ry  sm a ll populations of excited ro ta tiona l 

states and the fac t that cross sections fo r  ro ta tiona l exc ita tion  invo lv ing  a change 

in  quantum num ber of 4 o r m ore  a re  ve ry  sm a ll, re su lts  in  the steady r is e  of the 

mean e lectron  energy w ith  E /N  u n til a s ig n ifica n t num ber of e lectrons have enough 

energy to cause v ib ra tio n a l exc ita tion  of the m olecu les. The thresholds fo r  

v ib ra tio na l excita tion occur a t 0.360 eV and 0. 516 eV in  deu terium  and hydrogen
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respectively. The vibrational states act as effective energy "absorbers” and 
cause a decrease in the slope of the D//lc v E/N curve.

A similar 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 high values of E/N when the 
mean electron energy approaches 0. 5 eV, the values of D/p 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.
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CHAPTER 5.

APPARATUS AND EXPER IM EN TAL TECHNIQUES IN 

THE DR IFT VE LO C ITY  EXPERIM ENT.

In  th is  chapter the apparatus and techniques used in  the d r i f t  

ve lo c ity  experim ents are  described. Two d iffe re n t apparatuses were used fo r  

the measurem ents of d r i f t  ve loc itie s , one fo r  the m easurem ents in  deuterium  at 

293°K  and the other fo r the m easurem ents at low  tem pera ture . These apparatuses 

w i l l  be re fe rre d  to as apparatus A  and apparatus B.

Some of the m a te ria l in  th is  chapter is  based on the papers of 

Lowke (1963), Crompton and Jo ry  (1965) and E lfo rd  (1966).

5 .1  Design C onsidera tions.

The design of an apparatus to m easure d r i f t  ve loc itie s  is  cons ide r­

ably s im p le r than that o f a la te ra l d iffus ion  apparatus because the measurem ents 

are  much less sensitive  to the presence of sm a ll amounts of f ie ld  d is to rtio n . 

F u rthe rm o re , the r ig id  m echanical to lerances on the co llec ting  e lectrode o f the 

la te ra l d iffus ion  apparatus are  not essentia l in  the construction  of the co llec ting  

e lectrode of a d r i f t  ve lo c ity  apparatus.

The fac to rs  of im portance in  the design of a d r i f t  tube are  discussed 

in  fo llow ing  sections.

5 .1 .1  U n ifo rm ity  of the E le c tr ic  F ie ld .

In a series  of experim ents Lowke (1963) showed that, p rovided the 

c o rre c t d. c. potentia ls a re  applied to the e le c tr ic a l shutte rs , the m easured d r i f t  

ve loc itie s  a re  re la tiv e ly  in sens itive  to  d is to rtio n  of the e le c tr ic  f ie ld  between 

them. Even when in c o rre c t po ten tia ls  were de lib e ra te ly  applied to  the e lectrodes 

between the shutters only sm a ll changes in  the m easured d r i f t  ve loc itie s  were 

observed. To obtain re su lts  which are  unaffected by f ie ld  d is to rtio n  i t  is  th e re ­

fo re  not necessary to use the guard r in g  s tru c tu re  which was shown in  section 

3. 1 .2  to. give the m ost h igh ly  u n ifo rm  fie ld . The guard r in g  s tru c tu re  of 

apparatus A was, however, id en tica l to that of the la te ra l d iffus ion  apparatus
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described in section 3.1.3 and the results obtained in it  were therefore free from  

any erro rs  due to field distortion. Apparatus B was subject to greater mechanical 

stresses because of the temperature range i t  was designed to withstand and i t  was 

not practicable to use the same guard ring  structure as in apparatus A. Details 

of the design of apparatus B and of the fie ld distortion within it  w ill 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 fie ld due to the a. c. 

signals applied to the shutters. The errors caused by distortion of the a.c. 

voltages themselves w ill 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 toI
h2 , 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 fo r accurate d r if t velocity measurements, 

i. e. the distance between the planes of the shutters should be made as large as 

possible. S im ilarly, equation (2. 8) derived by Lowke to describe the effects of 

diffusion on d r ift velocity measurements shows that h should be as large as 

possible to minimize erro rs  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, i f  i t  is intended 

to take results in gases in which electron attachment occurs, the shutter separation 

should be short enough to ensure that adequate electron current reaches the 

second shutter.

The combination of these factors resulted in the choice of a 

nominal 10 cm shutter separation in apparatus A and a nominal 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 fie ld  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 falsify 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 1‘ The results to be presented in 

chapter 6 show that errors which could be attributed to contact potential differences 

within the chamber were less than 0.4% at E = 2. 0 V cm \

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 cm 1 or greater.

5. 2 Construction of Apparatus A.

Apparatus A has been described by Jory (1965).

A schematic diagram of the apparatus is shown in Figure 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. The shutters, separated by a nominal 10 cm, were 

mounted between two ’’half-rings” with the wires of the shutters being accurately 

located at the mid-plane of the guard rings.

The shutter wires were 0. 0033” nichrome sealed under tension 

between two soda glass frames. The spacing between 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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the  guard rings w ere described  by Jo ry  (1965).

The apparatus was mounted inside a P yrex  glass envelope s im ila r  

to that used for the la te ra l diffusion apparatus of section 3 .1 .3 . The dem ountable 

sea ls  w ere made with W 100 wax. The receiv ing  electrode consisted of a plane 

m etal electrode with a cen tra l insulated  d isc of rad ius 3. 8 cm. E lectrons en tered  

the cham ber through a 0. 5 cm rad ius hole in the source e lectrode. The c ritic a l 

dim ensions of the apparatus w ere :

guard ring  thickness 1.6149 - 0.0002 cm

sp acer th ickness 0. 0508 -  0. 0002 cm

total cham ber length 13.324 -  0.008 cm

shu tter separation 9.991 -  0.003 cm.

Construction of A pparatus B.

This apparatus was designed by Dr. M. T. Elford p rim arily  for 

the m easurem ent of e lectron  d rift velocities in u ltra -p u re  gases at low te m p e r­

a tu re . The d rift tube was th e re fo re  m ade as sm all as possib le  and constructed  

in a fo rm  suitable for re la tiv e ly  high tem p era tu re  bakeout to achieve the req u ired  

low outgassing ra te s .

5 .3 .1  The Guard Ring S tructure.

The guard ring  s tru c tu re  used can be seen in the sketch of the 

com plete apparatus, F igure  5 .2 . The e lec trodes w ere m achined from  vacuum 

m elted copper and w ere lapped and polished to a high degree of fla tness and s u r ­

face finish. The e lec trodes w ere separa ted  by g lass sp ace rs  and mounted on 

ceram ic  tie  rods. All sharp  edges and sudden changes of contour w ere elim inated 

to m inim ize the possib ility  of e lec trica l breakdown.

Field p lots of the proposed e lectrode s tru c tu re  w ere m ade with 

Teledeltos conducting paper and a plotting device m anufactured by Servom ex 

Controls Ltd. Several configurations w ere tr ie d  before the final design was 

chosen. The changes included the th ickness of the guard rin g s , th e ir  separa tion  

and in te rna l d iam eter and the shape of the e lec trodes adjacent to the sh u tte rs .

The tr ia l  configurations w ere a lso  examined for th e ir  effectiveness in preventing
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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 greater than 8 V cm \  The empirical 

figure was used in subsequent measurements and no further discrepancies between 

the measured values and the results taken in apparatus A or by Lowke (1963) were 

observed.

5.3.2 Construction 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 3j" of "Insulwool". This material can withstand
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tem p e ra tu res  of 250°C and the apparatus can th e re fo re  be baked at a m oderately 

high tem p era tu re  without rem oving the liquid n itrogen container and its  insulating 

jacket.

The e lec trica l leads through the g lass sk ir t shown in F igure 5. 2 

w ere sealed  with silicone rubber thereby ensuring that the space between the 

filam ent stem  and the g lass  sk ir t was herm etica lly  sealed . This arrangem ent 

prevented condensation and ice form ation on the leads.

5. 4 E lec trica l Equipment.

5 .4 .1  Pow er Supplies.

The potentials applied to the e lec trodes w ere derived from  a highly 

accu ra te  re s is ta n c e  chain a c ro ss  e ither a Fluke model 301E or a Keithley model 

241 power supply. The output of both supplies was accu ra te  and stable to within 

0.1%. The actual voltage applied between the sh u tte rs  was checked with a Fluke 

model 801R differential vo ltm eter which was accu ra te  to within 0. 05%. Additional 

potentials between the filam ent or A m ericium  source and the top plate  of the 

apparatus w ere supplied e ither by d ry  cells  o r by sm all stabilized power supplies.

5 .4 .2  The E lectron Sources.

A platinum  filam ent was used as the e lectron  source in the deuterium  

experim ents and the A m ericium  source was used in the para-hydrogen m easu re ­

m ents. Both of these  sou rces w ere identical to those described  in 3 .2 .2 .

5 .4 .3  The A. C. Supplies.

Lowke (1963) examined the effects of d isto rtion  in the a. c. signals 

applied to the shu tte rs  of a B radbury and N ielsen type apparatus. He found that 

many of the e r ro rs  introduced w ere la rg e ly  self-cancelling  to a f ir s t  o rd e r, but 

that the following ideal c h a rac te ris tic s  should be approxim ated as closely as 

possible;

(a) the phase difference between the two voltages applied to the shu tter should

be 180°.

(b) th e re  should be no phase d ifference between the corresponding voltages

applied to each sh u tte r.
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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 
s ignal 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 Kc/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 - 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 ^  A or less were used. They were 

measured with a Vibron model 62A electrometer in conjunction with either a 10^  ̂

or 1011 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 spiral 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.

5'. 6 Temperature Control and Measurement.

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 

given 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. f'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 

current 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-determined 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 D R IFT  VELO C ITY  EXPERIM ENTS.

Results obtained fo r  the d r i f t  ve loc ity  of e lectrons in  deu terium  at 

293°K and 77°K and in  para-hydrogen at 77°K are presented in  th is  chapter. The 

d r i f t  ve loc itie s  of e lectrons in hydrogen have been measured accura te ly  by Lowke 

(1963) and these data are  used in  the rem a inder of the present work.

6 .1  General R esu lts .

In the B radbury and N ie lsen shutter method a graph of the tra n s ­

m itte d  cu rre n t as a function of the frequency of the s ignal applied to the shutte rs  

shows a series  o f m axim a and m in im a , the am plitude of which decreases w ith  

inc reas ing  frequency. A t constant E /p  these m axim a and m in im a  should occur 

at in te g ra l m u ltip les  of a c h a ra c te r is tic  frequency fQ such that 1/2 f  is  the tra n s it  

t im e  of the e lectrons between the shutters. F o r each value of E /p  and p the 

frequencies corresponding to the f i r s t  two m axim a were determ ined. In the 

re s u lts  presented in  fo llow ing  sections the two values of the d r i f t  ve lo c ity  found in  

th is  way w ere always in  agreement to w ith in  0. 2%; in  about 90% of the observations 

the agreement was to w ith in  0 .1% . The cases where the agreement was to w ith in  

0. 2% were in  e ithe r of two categories: (a) at the ve ry  lowest values of E /p  where 

the c u rre n t was sm a ll and e le c tro m e try  noise made accurate estim ations of the 

c u rre n t peaks m ore d if f ic u lt ,  o r (b) at the lowest p ressures used when the cu rre n t 

pulses w ere g rea tly  broadened by effects of d iffus ion .

Throughout th is  chapter re fe rence  is  made to the d iffus ion  e r ro rs  

considered by Lowke (1962) and sum m arised in  section 2. 2. 2. Lowke found that, 

to a good approxim ation, the observed d r if t  ve lo c ity  W* is  re la ted  to the tru e  

d r i f t  ve loc ity  W through the re la tio n

W ’ = W [ l  + 3 / ( h W / D )  ] (6.1)

in  which h is  the distance between the planes of the shutters and D is  the 

d iffus ion  coeffic ien t. I t  has been found (E lfo rd , 1966, M cIntosh, 1966, C rom pton, 

E lfo rd  and Jo ry , 1966) that the te rm  3 /(hW /D ) overestim ates the effects of



98 .

diffusion and that a m ore accu ra te  estim ate  of the d rif t velocity is  obtained by 

applying only half of the co rrection  im plied by equation (6.1). In p rac tice  the 

d ifference between these two corrections is  insignificant except at the highest 

values of E /p a t room  tem peratu re  w here re su lts  could be obtained only with 

p re s su re s  of 5 and 2 to r r . At the rem aining values of E /p at 293°K and a t a ll the 

values of E /p  used at 77°K, re su lts  w ere obtained at sufficiently high gas num ber 

density  that the d ifference between W’ and W was le ss  than 0. 25% w hichever 

co rrec tion  was applied.

As in the la te ra l diffusion experim ents, the data taken a t 293°K w ere

m easured  at p redeterm ined  values of E /p  with units of V cm 1 to r r  \  C orrec tions
2 9o

to the values of W’ corresponding to sm all dep artu res  (< i%) of the actual value of 

E /p  from  the desired  value w ere m ade num erically . A s im ila r p rocedure was 

followed at 77°K, with the data being taken at p re -d e te rm in ed  values of E /N . The 

low tem p era tu re  data w ere tre a ted  in th is  way ra th e r than graphed as in the case  of 

the D/fx re su lts  because the experim ental sca tte r  was only - 0.15% com pared with 

the ^ 1% for the D/^ re su lts .

6. 2 Lowke’s R esults for Hydrogen.

6 . 2 . 1  At 293°K. 0.004 < E /p OQO < 18 V cm "1 to r r " 1 .

Lowke’s re su lts  (1963) w ere taken under s im ila r experim ental 

conditions and with the sam e techniques as the p re sen t re su lts . He placed an e r ro r  

lim it of -  1% on his ’’B est E stim ate” values. Taking into account the 0.37% difference 

between the to r r  and the 20°C mm of m ercu ry  used by Lowke in determ ining his 

values of E /p , Lowke’s re su lts  w ere plotted on a graph with sca les  sufficiently 

la rg e  to allow both co -o rd inates to be read  with an e r ro r  not exceeding 0.3%. The 

values of W w ere then read  off a t in teg ra l values of E/N. The re su lts  obtained in 

th is way a re  lis ted  in Table 3 of Appendix II.

6 . 2 . 2  At 77°K. 0.001 < E /p OQ_ < 3. 0 V cm "1 to r r " 1_________________  2 yj

Lowke's 77°K data w ere analysed in  the sam e way as his room  

tem p era tu re  re su lts . The values so obtained a re  given in Table 4 of Appendix II. 

Lowke placed an e r ro r  lim it of -  2% on his orig inal data.
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6. 3 R esults for D euterium .

6 .3 .1  At 293°K . 0.006 ^  E /p  < 5 ,0  V cm  ̂ to r r  \

The m easured  values of W  a re  lis ted  in Table 6 .1 . The agreem ent 

of the values taken at the sam e E /p  but different p is  good, but it is  made even 

b e tte r  by co rrecting  the re su lts  fo r the effects of diffusion using equation (6.1).

The "B est Estim ate" values of W w ere obtained by the application of equation (6.1) 

to the re su lt taken at the highest p re s su re  for each value of E /p  since these  

re su lts  a re  le ss  subject to diffusion e r ro r s  and to e r ro r s  from  contact potential 

d ifferences within the cham ber. Although it  was la te r  found that a b e tte r e stim ate  

of W could be obtained by applying only half of the diffusion co rrection , the full 

co rrec tion  te rm  has been used with the data in Table 6 .1 . This was done because 

the d iscrepanc ies involved a re  le s s  than 0. 25% except at the highest values of E /p  

w here they do not exceed 0.6% and because the data in Table 6 .1  have been 

published previously  (McIntosh, 1966) with the whole co rrection  applied. W here 

re su lts  w ere taken over a sufficiently wide range of p re s su re s , values of W 

identical to the "B est E stim ate" figu res could be obtained by plotting W* against 

p 1 and extrapolating to p 1 = 0. An e r ro r  lim it of -  1% is placed on the "B est 

E stim ate" figures for 0. 006 ^  E /p  ^  1 .2  and of -  2% for 1. 2 < E /p  < 5 .0 .

It should be em phasized that the co rrec tions made to the values of 

W' a re  very  sm all: for each value of E /p  ^ 0 . 5 the d iscrepancy between the "B est 

E stim ate" and the re su lt taken at the highest p re s su re  is  le ss  than 0. 25%; fo r 

0. 5 < E /p ^  1. 2 the d iscrepancy  rem ains le ss  than 0. 5%, while for E /p  > 1 . 2  

it ranges from  0.8% to 1.2%. The fact that the co rrec tio n s  m ade to the m easured  

values of W’ for E /p  > 1 . 2  a re  g re a te r  than 0.5% is  th e  only reason  for the 

in c reased  e r ro r  lim it p laced on th ese  data.

The values of W at in teg ra l values of E/N  w ere found by the g raph­

ica l method described  e a r lie r  and a re  lis ted  in Table 5 of Appendix II.

o -20 -17 2
6 . 3 . 2  At 77 K. 7. 970 x 10 < E/N < 9. 564 x 10 V cm .

Several room  tem p era tu re  m easurem ents w ere made in apparatus B 

before  proceeding to the 77°K experim ents. The re su lts  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 tem p era tu re  the 

therm ocouple attached to the electrode ju s t below the top shutter agreed with the 

bath tem p era tu re  to 0 . 1°K. At all p re s su re s  in excess of 50 to r r  no tem p era tu re  

r is e  was recorded  by the therm ocouple. At p re s su re s  of 50 to r r  and below a 

tem p era tu re  r is e  of as much as 1°K was observed. In the data which follows it 

was assum ed that the low er half of the apparatus was always m aintained at the 

bath tem peratu re; the gas tem p era tu re  used to calculate the values of E/N was 

taken to be the average of the bath tem p era tu re  and the tem pera tu re  recorded  by 

the top therm ocouple.

Since W is  dependent on the gas tem p era tu re  as well as E/N the 

tem p era tu re  to which the data re fe r  m ust be selected  carefully  from  the range of 

tem p era tu res  observed. The tem p era tu re  chosen was 77. 0°K since th is was the 

m ean tem p era tu re  of all the re su lts  taken at p ^  100 to r r .  Over this p re s su re  

range deviations from  77. 0°K w ere  le ss  than 0 . 15°K. Although deviations of as 

much as 1°K w ere observed at 20, 10 and 5 to r r ,  the values of E/N  used a t these  

p re s su re s  w ere sufficiently high for W to be substantially  independent of the gas 

tem p era tu re . Provided the c o rre c t tem p era tu res  a re  used to calculate the values 

of E/N  no significant e r ro r s  a re  in cu rred  by these  dep artu res  from  the standard  

tem p era tu re .

Three experim ental runs w ere made in deuterium . Deviations of 

the actual values of E/N from  the chosen values w ere always le ss  than 1%, m ost 

being le ss  than 0. 5%. The observed  values of W’ w ere co rrec ted  num erically  to 

those corresponding to the chosen values of E/N.

R esults obtained at E = 3 V cm 1 showed varia tions of as much as 

-  0. 75% but the experim ental sc a tte r  a t high values of E was only -  0.15%. It 

was concluded that the sc a tte r  a t low field streng ths was due to varia tions in 

contact potential d ifferences within the apparatus. Only re su lts  taken with field  

streng ths of 5 V cm 1 w ere included in the final tab le  of re su lts . The m easured  

values of W’ a re  shown in Table 6. 2. Each entry  is  the average of a t le a s t two 

re su lts  differing by no m ore  than 0.3%, a la rg e  proportion of the differences 

between the sets  of re su lts  being only 0.1% o r 0.2%.
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At high values of E/N and low p re s su re s  the te rm  3/(hW /D) of

equation (6.1) overestim ates the effects of diffusion w hereas one half of this

co rrection  yields values of W which a re  independent of p re s su re  to within 0. 2%.

The "B est Estim ate" values of W in Table 6. 2 w ere obtained by applying one half

of the diffusion co rrection  to the value of W’ observed at the highest p re s su re  at
-18each value of E/N. The co rrec tio n s  made w ere le ss  than 0. 2% for 3. 985 x 10 

-17^  E/N ^ 3 .  985 x 10 and le ss  than 0.35% at higher values of E/N. An e r ro r

lim it of -  1.5% is placed on the "B est Estim ate" values in Table 6. 2.
-18Below E/N = 3. 985 x 10 the values of W  in c rease  m ore rapidly

as the p re s su re  is  low ered than can be accounted for by the influence of diffusion;

consequently no "B est E stim ate" values of W a re  given. For exam ple, the
-19in c rease  in W’ at E/N = 9. 564 x 10 1. 5%) is  m ore than 10 tim es g rea te r

than expected from  the effects of diffusion. S im ilar behaviour, but on a la rg e r

scale , was observed by Lowke (1963) in his m easurem ents in nitrogen at 77. 6°K.

However, Lowke did not observe any unexpected p re s su re  dependence of his

re su lts  in hydrogen at low tem p era tu re . To check that the p re s su re  dependence

in deuterium  was genuine and not in strum enta l, re su lts  w ere taken in hydrogen 
-19 -19at E/N = 7. 970 x 10 and 9. 564 x 10 over the sam e range of p re s su re s  as

is  deuterium . Once again W’ was found to in c rease  m ore rapidly with decreasing
-19p re s su re  than can be accounted for by diffusion. However a t E/N  = 7. 970 x 10 

the in c rease  was only th ree  tim es that p red icted  by equation (6.1) and since the 

d iscrepancy not accountable for by diffusion was only 0. 5%, it is  doubtful that 

Lowke using a sm alle r range of p re s su re s  and le ss  accu ra te  p re s su re  gauges 

would have detected so sm all a difference.

Values of W at in teg ra l values of E/N w ere found graphically from  

the data of Table 6. 2 and a re  lis ted  in Table 6 of Appendix II.

6 .3 .3  Com parison with O ther D ata.

The only other re su lts  fo r the d rif t velocity of electrons in deuterium  

a re  those of Pack, Voshall and Phelps (1962) who used gas tem p era tu res  of 300°K 

and 77°K.
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Figure 6 .1  shows the p re sen t 293°K re su lts  and the 300°K re su lts

of Pack, Voshall and Phelps plotted as a function of E /p  or E/N. The p resen tz y o
re su lts  a re  not plotted individually since a ll of the "B est Estim ate" values a re

contained within the th ickness of the line. The 7°K tem pera tu re  d ifference between

the p resen t re su lts  and those of Pack, Voshall and Phelps has been taken into

account only in converting th e ir  values of E /p  to values of E/N since the
o UU

d irec t influence on the values of W would be much le ss  than the experim ental 

e r ro r . The two se ts  of data a re  in good agreem ent 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 d is ­

crepancy being m asked to som e extent by the sca tte r in the data of Pack et al.

The re su lts  for hydrogen of Pack and Phelps (1961) who used the sam e apparatus 

and experim ental techniques as Pack, Voshall and Phelps, show a s im ila r d is ­

crepancy when com pared with the data of Lowke (1962) and Bradbury and Nielsen 

(1936).

Hall (1955) m easured  the m agnetic d rift velocity . This is  not 

the tru e  d rift velocity (Huxley, 1960, Jo ry , 1965) and th e re fo re  no re fe ren ce  to her 

data is made in F igure 6 .1

A com parison of the p re sen t 77°K re su lts  with those of Pack, Voshall

and Phelps for 77°K, and with the p re sen t re su lts  for 293°K is  shown in F igure  6. 2.

The individual data points fo r the p re sen t 77°K data a re  not shown since they all

lie  within the thickness of the line plotted. On the log-log plot the observed
-18p re s su re  dependence below E/N  = 3. 985 x 10 cannot be seen. From  

-17
E/N = 4 x 10 upwards the values of W a re  independent of tem p era tu re , th is 

observation agreeing well with the tem p era tu re  independence of the values of D/[i 

noted in section 4 .3 .3 . The ag reem ent between the 77°K re su lts  of the p re sen t 

experim ent and those of Pack, V oshall and Phelps is  fa ir; th e ir  values a re  

approxim ately 7% above the p re sen t data over the whole range of E/N studied.

6. 4 R esults for para-H ydrogen.
o 19 17 2

6 .4 .1  At 77 K. 1. 195 x 10 <  E/N < 9. 564 x 10 V cm .

Before taking m easu rem en ts  in para-hydrogen a s e r ie s  of re su lts

was taken in norm al hydrogen to check that if any differences between the d rif t
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velocities in the two gases w ere observed, the differences would be genuine and

not instrum ental. The agreem ent with Lowke's values was always b e tte r than 1%.

The para-hydrogen content of the gas sam ples used was g rea te r than

98% (see Appendix I). Two experim ental runs w ere taken, one covering the

p re s su re  range 10 ^  p ^  250 to r r  and the other the range 10 < p < 350 to r r .

At the p re s su re s  common to the two runs the agreem ent between the two se ts  of

data was always b e tte r than 0.3%, and th is agreem ent suggests that the data taken

at p re s su re s  of 300 and 350 to r r  can also  be considered re liab le .

The m easured  values of W’ a re  shown in Table 6 .3  fo r the range 
-19 -171.195 x 10 < E/N < 9. 564 x 10 . The mean tem pera tu re  of the re su lts

taken at p re s su re s  g rea te r than 100 to r r  has been used as the gas tem pera tu re  

to which the m easurem ents re fe r; as in the m easurem ents in deuterium  this 

tem pera tu re  was 77.0°K . At higher values of E/N , W is substantially  independent 

of tem pera tu re  and no significant e r ro r s  a re  incu rred  by the 0. 5°K departu res 

from  77. 0°K observed at p re s su re s  of 50 to r r  and le ss . The d ep artu res from  

77. 0°K a t low p re s su re s  w ere le s s  in para-hydrogen than they w ere in deuterium  

because of the use of the A m ericium  source instead of the platinum  filam ent.

The "B est E stim ate” values of W in Tables 6 .3  w ere found by apply­

ing one half of the co rrection  of equation (6.1) to the re su lt taken at the highest 

p re s su re  a t each value of E /N . An e r ro r  lim it of -  1. 5% is  placed on the "B est 

Estim ate" values in th is Table. The maximum difference between the "B est

Estim ate" and the value of W  taken a t the h ighest p re s su re  was 0.15% at 
-17 -18E/N = 5.579 x 10 . Below E/N = 3. 985 x 10 no "B est Estim ate" values of

W a re  given because, as in deuterium , the values of W’ in c rease  m ore rapidly

as p is  lowered than can be accounted for by the effects of diffusion. As

expected, the d iscrepancy is  le ss  than i t  is  in deuterium . The d ifferences not
-18accountable for by diffusion a re  about 0. 5% for E / N ^  10 a t which values it  

was possib le to take the re su lts  over the w idest range of p re s su re s . These d iffe r­

ences a re  very  sm all but a re  considered significant when com pared with the 

experim ental sca tte r  which was everyw here le ss  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 comparison 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 

-19E/N = 10 in both W and D/pi, (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/[x data, and (c) that the differences between the two W curves are very
nearly half the differences between the D/pt curves at each value of E/N. This
last result is expected from equations (2.30) and (2.32) which, for a constant

~2
momentum transfer cross section, show that D/fx is proportional to c (where c
is the electron speed) and W is proportional to [ c ] \  Similar remarks apply
to Figures 4. 5 and 6.3 which show the differences between normal and para-
hydrogen. Thus the differences are approximately twice as great for D/pc as

-19they are for W, they first become significant at E/N^6 x 10 and they disappear
-17completely at E/N^3 x 10

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 (c) 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 these authors 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 f ( r  , c , t ) for each of the species of particles present. 

Here r  is the radial distance from the origin, c 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 c and c + d c , c and c + d c  , and
x x x y y y

c and c + d c , should be z z z

n f ( cx ’ Cy ’ c z • x » y 1 z » t) d c^ d c^ dc^  dx dy dz. (7.1)

If the law of d istribution  of f is  known at tim e t i t  is  possib le  to 

follow the motion of each group of p a rtic le s  and so to obtain f at the tim e t + dt, 

and s im ila rly  at any subsequent tim e. Thus f is  determ ined for all tim e when 

its  value is  given at any one instan t. It follows that n f m ust satisfy  a c h a ra c te r­

is tic  equation of such a form  that d /d t ( n f ) is  given as depending on n f. F u r th e r ­

m ore, for a steady sta te , n f m ust satisfy  an equation which is  derived from  the 

previous equation by putting d /d t (n f) = 0.

Suppose the p a rtic le s  move in a field of fo rce so that the components 

of the fo rce  p e r unit m ass acting on the p a rtic le s  a re  Fx , F^ and F^ . If no 

collisions occur then at the end of the tim e in terval dt the co-ord inates of each 

p a rtic le  will have in creased  by c^ dt, c^ dt andc^ dt , while its  velocity components 

w ill have increased  by F^ dt, F^ dt and F ^ dt. Thus a fte r an in terval d t, the 

orig inal p a rtic le s  will have velocities within a sm all range d c^ d c^ d c^ su rround­

ing the values c + F dt, c + F dt, c + F dt and co-ord inates lying within a x x y y z z
sm all elem ent dx dy dz surrounding the point x + c^ dt, y + c^ dt, z + cz dt. In 

the absence of collisions th ese , and only these , p a rtic le s  w ere fo rm erly  in the 

volume elem ent dx dy dz about the point x, y, z and had velocity components 

Cx ’ Cy ’ c z * Hence, expressing  th is m athem atically ,

n f ( c  , c  , c  , x , y , z , t ) d c  d c  d c  d x d y d z
^ y y z

= n f ( c + F dt, . . .  , x + c dt, . . .  , t  + dt ) d c d c d c dx dy dz x X x x y  z

(7.2)

i. e.

n f = n f (c + F dt, . . .  , x + c dt, . . .  t  + d t ) x x  x

„ f 9 9 9 9= n f  + J F + F + F + c1 x — y z ----- X -------

9 c 9 c 9 c 9 xx y z

9 9+ c + c
y —  Z —

9 y 9 z

^(nf) dt
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from  which it follows that

8 (nf) = -  •(  Fx 8
9 1+ . . . . +  c * (nf)

at l  x a c
z Ja zx

(7.3)

A s im ila r equation can be w ritten  for each p a rtic le  ty p e  i in the gas.

Changes in n f a re  a lso  brought about by collisions between the 

p a rtic le s  of type i with them selves and with p a rtic le s  of type j. The effect of 

these  collisions is  to change the velocity of the p a rtic le s  and so rem ove them  

from  the elem ent of velocity space under consideration. The ’’collision te rm ” 

which accounts for th is te rm  is , in general, complex. I t is , in effect, the sum 

of N in teg ra ls  where N is  the num ber of d ifferent species in the gas and each 

in tegral gives the ra te  of change of f for species i caused by collisions with 

p a rtic le s  of species j. If the collision te rm  is  rep resen ted  as [ 3 (nf)/ 3 t  ] ^  ,

then the equation which n f m ust satisfy  is

9 (nf)

a t
+ cz

a

a z

r a
|  (nf) + —  (nf)

L a t  J coll

(7.4)

Equation (7.4) is  known as the Boltzmann equation.

7. 2 Form  of the Boltzmann Equation A ppropriate to the P resen t P ro b lem .

The energy d istribution  of electrons in a gas subject to an e lec tric
u

field has been trea ted  by many au thors, e. g. Holstein (1946), M argenah (1946) 

and A llis (1956). The p a rtic u la r  form  of the Boltzmann equation derived by 

Holstein (1946) is  the form  used in the p re sen t chapter, but once again a detailed 

derivation is  beyond the scope of th is th esis . H olstein’s derivation req u ire s  the 

following conditions or assum ptions:

(a) the e lec tric  field is uniform  or is  spatially  uniform  and of high frequency

(b) ionizing collisions a re  negligible com pared to excitation collisions.

(c) the densities of e lectrons and excited m olecules a re  low com pared with

the density of unexcited m olecules.
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(d) th e  e la s t ic  c o llis io n  c ro s s  s e c tio n  is  v e ry  la r g e  c o m p a re d  w ith  th e  in e la s t ic

e le c tro n -m o le c u le  c o llis io n  c r o s s  s e c tio n s

(e) th e  m ea n  f r e e  p a th  fo r  e la s t ic  c o ll is io n s  is  s m a ll  c o m p a re d  w ith  th e  s iz e

of th e  d is c h a rg e  re g io n .

H o ls te in  a ls o  a s su m e d  th a t  th e  m o le c u la r  v e lo c itie s  w e re  z e ro  

bu t th e  a d d itio n a l t e r m  to  in c lu d e  th e  e ffe c t of th e  m o le c u la r  v e lo c ity  d is tr ib u tio n  

h a s  b een  d e r iv e d  by M a rg en ah  (1946) and  by A llis  (1956).

F o llow ing  F r o s t  and  P h e lp s  (1962) , th e  r e s u l t s  of H o ls te in  a r e  

ex tended  to  in c lu d e  th a t  of M a rg e n a h  and  to  in c lu d e  th e  e ffe c ts  of in e la s tic  

c o ll is io n s  of th e  seco n d  k ind  th e re b y  lea d in g  to  th e  fo llow ing  fo rm  of th e  B o ltzm ann  

equation :

E d /  e d f

3 d e ^  N qm  de

2 m  + ____

M

d

d e

( e  2 N f) +
2 m  k T  d

M e  d e

+ l  

+ l

( e + € k ) f ( e + e k) N q k ( e + e k ) " e f ( 0 N \ ( e 

(e -  e k) f (e -  e k  ) N <l_k  ( 6 -  e k ) -  € f ( e ) N q_k  ( e 0

(7 .5)

T h is  equa tion  d e s c r ib e s  th e  m o tio n  of a  s w a rm  of e le c tro n s  d r if tin g  th ro u g h  a  gas  

a t  te m p e ra tu re  T u n d e r  th e  in flu e n c e  of a  u n ifo rm  e le c tr ic  f ie ld  E (V cm  1 ).

N is  th e  g a s  n u m b e r  d e n s i ty , q ^  ( e ) i s  th e  m o m en tu m  t r a n s f e r  c r o s s  se c tio n  

fo r  e le c tro n -m o le c u le  c o ll is io n s  a s  a  fu n c tio n  of th e  e le c tro n  e n e rg y  e , and  

q ( e ) i s  a  ro ta t io n a l,  v ib ra tio n a l  o r  e le c tro n ic  e x c ita tio n  c r o s s  se c tio n  w ith  an
K

e x c ita tio n  e n e rg y  of e ^  . T he o th e r  sy m b o ls  a r e  e , th e  e le c tro n ic  c h a rg e ,

m  th e  e le c tro n ic  m a s s ,  M th e  m o le c u la r  m a s s  and k  B o ltz m a n n 's  c o n s ta n t.
2

T he e le c tro n  en e rg y  e i s  in  eV so  th a t  e = m e  /2 e  w h e re  c is  th e  e le c tro n  

sp e ed .

T he t e r m
2 m  kT d

dTT
is  th e  one d e riv e d

M e
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by M argenan (1946) to account for the m olecular velocities. The la s t te rm  in 

equation (7.5) exp resses the effect of collisions of the second kind in which 

therm ally  excited m olecules im part th e ir energy of excitation to the e lec trons.

It is  assum ed in the derivation of equation (7. 5) that the gas density is  sufficient­

ly high for te rm s  due to e lectron  density gradients to be neglected.

Each te rm  in the equation has p a rticu la r physical significance 

in re la tion  to the gain or lo ss  of energy due to one of the p ro cesses  being 

considered. Thus the f ir s t  te rm  rep re sen ts  the effect of the energy input to the 

e lectrons from  the field, the second the energy loss in e lastic  collisions, the 

th ird  the energy gain in e las tic  co llisions, the fourth the energy loss  in ine lastic  

collisions and the la s t the energy gain in ine lastic  collisions of the second kind.

Although equation (7. 5) is  w ritten  in te rm s  of a d. c. e lec tric  

field E, Allis (1956) has shown that for high frequency e lec tric  fields or m utually 

perpendicular d. c. e lec tric  and m agnetic fields, the e lec tric  field E may be 

rep laced  by E^ where

2 -r.2
__________  (7.6)

fi \  m

n )  i r
When the applied field is  a high frequency e lec tric  field of rad ian  frequency 

(j o , = o j .  In the case of m utually perpendicular d. c. e lec tric  and m agnetic

fields, = e B /m  where B is  the m agnetic field strength .

N ear th erm al equilibrium  the electron  energy distribution function 

is  M axwellian. In th is  case  the energy lo st in e lastic  collisions is  exactly 

balanced by the energy gained in e las tic  collisions. A s im ila r situation ex ists  

for ine lastic  collisions and it is  possib le  to w rite  (Mitchell and Zemansky, 1934, 

F ro s t and Phelps, 1962)

<€ ~ e k ) q -k < £ ' e k ) =  e x p ( ~ e k e/kT) e qk ( e k* fo r £ e k

(7.7)

thus showing that collisions of the second kind can be w ritten  in te rm s  of ine lastic

(  E £  ) V *  >
q ( £ ) +m
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collisions of the f ir s t  kind.

For computational purposes it  is  convenient to use norm alized 

variab les . Equation (7.5) is  transfo rm ed  using

z = € k T /e  0 (z ) = qm ( € ) /q o 71 + k  = M q+k ( 6 > /  (2 m V

M /  E e
a  =  _____ f _________

6 m N q kT o

in which q^ is  the value of q ^  a t som e re fe ren ce  energy.

This gives

)

' (
'  a +  z e ^ d f  2 .  . Iz + z 0 f

L \\ /dz 0 d z

+ 2  
k

+ 2  
k

(z + zk ) f ( z + zk ) T)k (z + zk ) - z f  (z) V k ( Z )

(z - zk ) f ( z -  z k ) V _ k  ( z - z k ) - z f ( z )  n  _k ( z ) 0

(7.8)

On in tegrating (7. 8) with re sp ec t to z and making use of (7. 7) and the Boltzmann 

rela tion  for the re la tiv e  population of excited s ta tes , the following equation is 

obtained (F rost and Phelps, 1962) :

a n \  d f+ z 0 \ z  ___ 2 Q . 
+ z 0 f

0 '  d z

z+z 
r  k

+ 2  
k

J  Z \ ( Z )  
z

f ( z ) -  exp ( - zk ) f ( Z -  zk ) d z = c

Sherm an (1960) has shown the in tegration constant c is  zero , i. e.
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_̂ _ + z 0 \ d f z ___ + z  ̂ 0 f +

0 ' d z

z+z.k

z
f (z) - exp ( - zk) f ( z - zk) dz 0

(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 77°K

since the lowest rotational levels occur 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 population of excited levels due to

electron-molecule collisions is completely negligible. When collisions of the

second kind are neglected equation (7. 9) becomes
z+z,

a + z 8 \ z  ^  + z  ̂ 0 f + 2 j  Z i)k (z) f (z) dz (7.10)

d z

Two further substitutions can be made 

h (z) = ( Ö  +  Z 02 (z) )

g (z)

0 (z) 

z 0  ̂ (z)

(7.11)

(7.12)

Ö + Z 0  (Z)

leading to

h (z) d f . . . .__  + g (z) f (z)
d z

+ S 
k

z+zk
J  z i? k (z) f (z) dz = 
z

0 (7.13)

7.3 Solution of the Boltzmann Equation.

7.3.1 Conditions for Solution.

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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(a) lim inf z m 0(z) > 0
Z oo

(b) f(z) a  0
00

(c) \ z2 f (z) d z = 1
o
00

(d) ^  z f ( z ) d z < <» . 
o

These mathematical conditions imply (Francey, 1966, private communication) 

that 0 (z) and tj (z) —** 0 as z—-*00, that f(z) is always a positive quantity and 

that f (z) —> 0 as z oo. Solutions exist if the asymptotic behaviour of 0 (z)

is well behaved as z - * ® i . e .  0 (z) —*> 0 slowly for large z. The normalization
00 i

of f(z) is /  z2 f (z) d z = 1. 
o

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 (z) y (z) (7.14)

where y (z) is the distribution function for eleastic scattering and where v(z) = 1 

for z. > ö and 6 is sufficiently large. Starting with the known solution, y (z), 

at high energies, the solution f(z) is prolonged backwards to the origin by 

solving equations involving the inelastic term s to find the value of v(z) at each 

point.

The distribution function f ( €) for elastic scattering was given in 

section 2. 3.1 as
- o

f (e ) = A exp - n - (
2

E \  1 d e (7. 15)

6 m N q e m

If equation (7.15) is written in a normalized form consistent with equation (7. 8) 

and if, as in equation (7.14), y (z) is the normalized distribution function for 

elastic scattering, then
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y  (z) = exp I y 02 ( y ) d y

0 a  + y 9 ( y )

7 .3 .3  Solution Neglecting Collisions of the Second Kind.

Equation (7.16) can be differentiated to give

d y  (z)

d z

2
z 0 (z)

a+  z 0 (z)
y  (z)

If the substitutions

h (z) = Z ( a + z 0 ^  (z))

0 (z)

and

f (z) = v (z) y  (z)

are made in equation (7.10) it becomes

h (z) v (z) „ ^ ^  + h (z) y  (z)  ̂ V^  + z2 0 (z) v (z) y  (z)

d z d z

z+z.

+ S  ^  z V k (z) v (z) y  (z) d z = 0
z

Dividing throughout by h(z) y  (z), equation (7.18) becomes

d v (z) + v (z) d y  (z) + z2 e (z) v (z)

d z y (z) d z h (z)

z+z.

h (z) y  (z)

S  J  z r?k (z) v (z) y  (z) d z 
k z

(7.16)

(7.17)

(7 .1 8 )

(7.19)

For convenience equation (7.19) is  split into two parts, one containing the first 

three term s and the other the summation. In the first three term s use is  made 

of (7.17) to give
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d v (z) v (z) z 0^ (z) y (z) z^ 0 (z) v (z)

d z y  (z) a  + z 0  (z) h (z)

2 2
d v (z) v (z) z 0 (z) z 0 (z) v (z) 0 (z)

d z a + z 0  (z) 

giving, finally,

z ( a+ z 0 (z) )

d v (z)

d z
(7.20)

Taking now the sum m ation te rm  of equation (7.19),
z+zk

1
S
k

J  z 7Jk (z) v (z) y (z) d z

h (z) y (z) z

the substitution x = z is made to give
z+z.

1 p k

----------  2  \ x T) (x) v (x) y (x) d x
<zl k zh (z) y (z)

(7.21)

Combining the re su lts  (7. 20) and (7. 21), equation (7.19) has becom e
z+z,

d v (z) + 1

d z h (z) y (z)

S
k

J  x 7?k (x) v (x) y (x) d x (7.22)

Equation (7. 22) m ust be solved by num erical m ethods. The m esh size  for the

computation is  taken to be h , and the various values of z in the computationo
m esh a re  rep resen ted  by z  ̂ . The values of z^ a re  then given by hQ and the 

value of 6 by N h^.

If equation (7. 22) is  w ritten in the form

d v(z)

d z

+ s (z) (7.23)

then
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1+1

I
1 -1

d v (z)

d z
V <Zi+l> -  V (V l >

zi+ l

-  ^  s (z) d z

zi - l

(7.24)

Applying Simpson’s three point integration rule to the right hand side of (7. 24)

h
V ( z .+ 1  ) -  V ( «  x ) S (z.+1) + 4 s (z. ) + s (z._1) (7. 25)

Re-arranging term s this becomes

v (zi - i ) = v < V i>  +
h

o S <z.+1) + 4 s (z.) + s (z._1) (7.26)

3 L

with zi+zk

s (z ) = S  \
1 k Jz

zi

v (x) x T?k (x) y  (x) d x (7.27)

h (z. ) y  (z. )

For convenience the function <\> (x, ẑ  ) is  introduced, where

4
$ (x, z. ) =

x v (x) r] k (x) y  (x) (7.28)

h (z. ) y  (z. )

Using this definition

s
z.+z. l k

8 <z.) = 2  J (X, Z.)
k z.l

(7.29)

zi+ l zi+ l +zk zi+ l+zk

S-j \ <j> (x, z.) d x + \ cj> (x, z^ d x -  \ <f> (x.z^  dx
k  ̂ z. 1 z 1 z.+zl l+ l l k

(7.30)

From the definition of <j> (x, z^), equation (7.28),
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<Mx, zi+1) x v (x) r) k (x) y  (x)

h <Vi> y <zi+i>

h (Z1 > Y (Zi> 4> (x, z.)

h (zi+i> y  < W

(7.31)

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

zi+ l+zk zi+ l+zk

k J
4> (x, z.) h <zi+i> y  <zi+i> f  j* * <x> zi+i>

z
h (z.) y  (z. ) i+1

h <Vi> ? <Vi >
h (z. ) y  (z.)

8 (zi+l>

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

(7.32)

s (z. ) k Ẑi+1  ̂  ̂ Ẑi+1  ̂ s (z.+1) + 2  y  4> (x, zp d x

h (zi)  y  (Zj )
zi+ l+zk

* i
Ji

-  S <j> (x, z.) d x (7.33)

z.+z. l k

The equations derived above allow the calculation of v(z.) by 

the method of backward prolongation. The values of v(z.) effectively give the 

values of the distribution function since f (ẑ ) = v(z^) y  (ẑ ) and the calculation 

of y(z^) is  straightforward. The high energy solution is  v(z.) = 1 for ẑ  ^ 6 

and this is  prolonged backwards to lower energies, i. e. v(z  ̂ )̂ is  calculated in 

term s of v(z^), v(z^ )̂ *n term s of v (z. )̂ and so on.

However, inspection of equations (7.26) and (7.27) shows that 

calculation of v (z. )̂ requires knowledge of s (ẑ  )̂ but this, in turn, requires 

prior knowledge of v (ẑ  ^). A cyclic procedure is therefore used. Knowing 

v(z ) and v (ẑ ) a first approximation to v (ẑ  )̂ can be found by linear
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extrapolation:

v(zi_ l) = v (z.) -  ( v(zi+1) -  v(z.) )

= 2v(z .) -  v (z.+1) (7.34)

The approxim ation to v (z  ̂ found from  equation (7. 34) is  used in equation

(7.33) to find the corresponding value of s(z., ^) . The value of s (z  ̂ )̂ found in

this way is  substituted in equation (7. 26) to find a second approxim ation to

v(z. )̂ and so on. Cycling between equations (7.26) and (7.33) is continued until

the difference between successive  approxim ations to v (z. ) is  a specified sm all
6value ( ^ 1  p a rt in 10 ).

The cyclic p rocedure  is  then repeated  for v (z. ) and so on until
1

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

7 .4  Computation of Solution.

The steps involved in the com plete calculation of the tran sp o rt 

coefficients from  a tr ia l  se t of e las tic  and ine lastic  c ro ss  sections a re  as follows:

(a) Select a tr ia l  value of <5. Experience shows that a t a p a rticu la r value of

E/N <5 should be, in general, about 7-8 tim es the corresponding value 

of D/jLt.

(b) Select the appropria te  num ber of m esh points and the m esh size  so that

<5 = N h and z, = N, h . The m esh size  should be chosen to be consider- o k k o
ably sm aller than the f i r s t  ine lastic  threshold  so that no loss  of accuracy  

through a co arse -g ra in ed  nvesh is incu rred . At the sam e tim e the m esh 

size  should be chosen so that each ine lastic  threshold  occurs at an 

in teg ra l num ber of tim es the m esh size . In p rac tice  th is is  difficult to
I

achieve and a com prom ise value m ust be selected . Experience shows

that the thresholds calculated from  z, = N. h should be within 1% of thek k o
actual values of z^ fo r sa tisfac to ry  re su lts  to be obtained.

(c) Use repeated application of Sim pson’s ru le  to calculate  y(z^ ) for

1 < i  < N + N (max). In p rac tice  computational efficiency is im proved
K
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by rewriting the value of y  ( z ^ )  in term s of y  (z.) as follows:

7 (z.) = exp - I
i 2

y 0 ( y ) d y

y 02 (y)

i + i

7  ( z i + i ) exp

exp

- I
zi ti+1. 1  ]  — ■ [  •  J  3

Ji+1
7 (z.) exp :i ] (7.35)

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

hand side of (7.35) is  sufficient.

(d) Put v(z^) = 1 for i 2tN. This corresponds to the step v(z) = 1 for z ^<5.

(e) Calculate the values of v(z^) for 1 < i<  N Using 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(z^) = v(z^) y  (z^).

(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) :

2 (kT/m)'

3 N q

f(z) d z (7.36)

e (2/kTm)

3 N q
I -«- (- d z

e (2A Tm ):

d z 0 

z d f d z (7.37)

3 N q 0 d z



(h) Adjust the value of <5 until the re su ltan t change in the tran sp o rt in teg ra ls  

is  sa tisfac to rily  sm all.

7 .4 .1  Computer P ro g ram .

The com puter p rogram  used was based on one supplied by Dr.

A. G. Engelhardt (Engelhardt, 1963). Changes in th is p rogram  have been made to 

su it the requ irem en ts of the available com puter.

7. 5 Separation between Effects of E lastic  and Inelastic  Collisions.

F ro s t and Phelps (1962) introduced two combinations of tran sp o rt 

coefficients which effectively separa te  the effects of momentum tran sfe r and 

in e lastic  collisions.

The f i r s t  of these  is  the effective frequency for momentum tran sfe r 

on ” e las tic” collisions which is  defined by

v / N  = 6 E^N (7.38)m —  ------  '
m W

In the special case  when the tru e  frequency of momentum tra n s fe r  collisions is

constant, i. e. N q (c) c is  constant, equation (2.30) shows that the frequency of 
m

e lastic  collisions is  given exactly by equation (7.38). In cases w here N q ^(c ) c

is  not constant, v /N  nevertheless  rem ains a good m easu re  of the frequency of 
m

elastic  collisions.

The combination of tran sp o rt coefficients ch a rac te ris tic  of 

in e lastic  collisions was deduced by F ro s t and Phelps by w riting the power balance 

fo r an average electron. Thus the power input p e r electron  due to the e lec tric  

field, e E W, is  equal to the frequency of in e lastic  collisions tim es the fractional 

energy exchanged per ine lastic  collision. If D /p  is  taken as the m easure  of the 

e lectron  energy (section 2 .3 .4 ) then

v / Nu
(E/N) W

D/p - k T / e

(7.39)

F ro s t and Phelps called v the ’’energy exchange collision frequency” .
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Frost and Phelps (1962) and Engelhardt and Phelps (1963) have

confirmed the usefulness of the quantities v /N and v /N as defined above.m u
When v^/N and /N were plotted as a function of D//u , these workers found that

a small change in the magnitude of resulted in a proportional change in v^/N

but a much smaller change in the /N v D/ju curve. Some effect on the values

of /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 v /N but did not alter the v /Nu m
v D//u curve. Further confirmation was provided by the fact that calculations

neglecting inelastic collisions yielded values of v^/N  which were in excellent

agreement with the original v /N v D/u curve .m
In the present investigation the quantities v /N and v /N werem u

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 a re  

now applied to the problem  of deducing c ro ss  sections for momentum tra n s fe r  

and rotational and vibrational excitation in hydrogen and deuterium . In general the 

in itia l values of the c ro ss  sections for such an analysis a re  based on previous 

theory  and experim ent; in the p re sen t instance some of the values a re  taken to be 

the momentum tra n s fe r  and vibrational excitation c ro ss  sections deduced in an 

e a r lie r  analysis by Engelhardt and Phelps (1963). It was pointed out in the 

Introduction that it does not seem  possib le  to infer unique values for the ine lastic  

c ro ss  sections d irec tly  from  the experim ental data. An assum ed ine lastic  c ro ss  

section can, however, be tested  for consistency with the experim ental data.

The theory  of Gerjuoy and Stein (1955) fo r ro tational excitation of hom onuclear 

diatom ic m olecules is  widely accepted, p a rticu la rly  when the polarization 

co rrec tion  of Dalgarno and M offet (1962) is  taken into account. The ro tational 

c ro ss  sections examined in the p resen t analysis a re  based on th e ir  theory. The 

sam e theory  was incorporated  in the analysis of Engelhardt and Phelps (1963) 

but the experim ental data available w ere subject to both system atic  and random  

e r ro r s  to such an extent that no firm  conclusions could be drawn from  them .

8.1 R estric tions on the Range of Data A nalysed.

Because collisions of the second kind a re  neglected in the p resen t 

trea tm en t, only the data obtained from  the experim ents perform ed  at 77°K can 

be analysed. At 293°K the therm al energy is  sufficiently la rg e  for th e re  to be 

appreciab le  populations of excited ro tational s ta tes  even in hydrogen and 

deuterium  and th e re fo re  collisions of the second kind m ust be taken into account. 

At 77°K the populations of excited ro tational s ta tes  in these  gases a re  very sm all 

and it is  essen tia l to take into account collisions of the second kind only when the 

e lectron  energy is  le ss  than the threshold  energy of the f ir s t  ine lastic  transition  

(0. 045 eV in hydrogen, 0. 023 eV in deuterium ). Above the f i r s t  ine lastic
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th resho ld  collisions of the second kind becom e le ss  im portant because the ir 

c ro ss  sections, which a re  in itia lly  sm all, continue to fall steadily  w hereas the 

c ro ss  sections for ine lastic  collisions of the f ir s t  kind r is e  rapidly  to re la tively  

high values. The e r ro r  incu rred  by the neglect of collisions of the second kind 

is  expected to be sm all for all energ ies above the f i r s t  ine lastic  threshold  and, in 

the p re sen t investigation, to be en tire ly  negligible for values of D/ß  g rea te r than 

0. 08 volt.

The maximum value of D/ß  obtained in the 77°K m easurem ents 

in hydrogen and deuterium  was about 0. 5 volt which corresponds to a mean 

electron  energy of about 0. 75eV. As a re su lt th e re  a re  effectively no electrons 

with energ ies above 3 eV (approximately) and no inform ation about c ro ss  sections 

a t energ ies higher than th is can be found from  the p re sen t data. The approxim ate 

energy range over which the c ro ss  sections can be deduced accura te ly  from  an 

analysis  of data in hydrogen and deuterium  subject to the p re sen t re s tr ic tio n s  is , 

th e re fo re , 0 .0 8 ^ D 4 i ^  3 volts.

8. 2 Input C ross Sections.

8 .2 .1  Momentum T ran sfe r C ross Section.

The sam e momentum tra n s fe r  c ro ss  section was used in hydrogen 

and deuterium . It is  expected (Gerjuoy and Stein, 19 55) that th is c ro ss  section 

will be the sam e in both gases. This expectation is  confirm ed by the resu lts  of both 

Englehardt and Phelps (1963) and the p re sen t investigation.

The in itia l momentum tra n s fe r  c ro ss  section used was identical 

to tha t of Engelhardt and Phelps. It was subsequently a lte red  as described  below 

to obtain a b e tte r fit to the experim ental data.

8 . 2 . 2  V ibrational Excitation C ross Section.

The th reshold  for vibrational excitation occurs at 0. 516 eV in 

hydrogen and 0.360 eV in deuterium  (H erzberg, 1950). The in itia l and final 

values of the v ibrational c ro ss  section used w ere identical to those of Engelhardt 

and Phelps.
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8 . 2 . 3  Rotational Excitation C ross Section.

The c ro ss  sections used for ro ta tional excitation in hydrogen and 

deuterium  w ere based on the theory  of Gerjuoy and Stein (1955), as modified by 

Dalgarno and Moffet (1962).

Gerjuoy and Stein examined the problem  of ro tational excitation 

by considering it to be the re su lt of pu re  e lec tric  quadrupole in teraction . Their 

calculations w ere based on the Born approxim ation despite  the fact that the 

e lec trons a re  of very  low energy. They argued that the p rincipal contribution 

to the c ro ss  section a r is e s  when the im pact p a ram e te r is  la rg e  and therefo re  

w here the wave function is  only slightly  d is to rted  from  its  incident form . This 

argum ent leads to the inference that the Born approxim ation probably im proves 

with decreasing  incident electron  energy.

Gerjuoy and Stein found that the c ro ss  sections in which the 

ro ta tional quantum num ber J  changes by -  2 w ere given by

aj ,  J+2 ( 6 )

aj ,  J -2  ( e >

(J + 2) ( J  + 1) 

( 2J + 3) (2J + 1)

J  (J -  1)

(2J -  1) (2J + 1)

8 7T Q2 a 2 o

8 JT Q2 a 2 o

! _ (4J + 6) Bq i2

(8 . 1)

, (4J -  2) B i 2
1 +  ' ' o

(8 . 2)

H ere e is  the electron  energy in eV, Q is  the e lec tric  quadrupole moment in 
2

units of e a , a is  the Bohr rad iu s , and B is  the ro tational constant of the o o o
m olecule.

In the collision fo r which the c ro ss  section is  

energy lost by the electron  is
aJ , J+2

, the

e _ = (4 J  + 6) B (8.3)
J  o

The c ro ss  section r is e s  rapidly  n ear th resho ld  and fo r la rg e  energ ies asym ptot­

ica lly  approaches a constant value.
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Equation (8. 2) gives the cross section for the collision of the 
second kind in which the electron gains an energy of

€_j = (4 J - 2) Bq (8.4)

To obtain the effective cross section q (e) for rotationalJ , J + Z
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:

qj ,  J+2 ( £  ) = I I .exp ( - Ej AT) CTjj j+2 (8.5)

Pr

Here p is calculated as in Appendix I and differs for hydrogen and deuterium J
because of the difference in the nuclear spin,

= 2 p exp ( - E /  kT) (8.6)r j  d J

and
E = J ( J + 1) B (8.7)j  o

The value of B  ̂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 77°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. 87% 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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Dal gar no 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 f ( e ) whereR

fR < o 1 + Pa  ( 4e  - € J >
i

_ 2
< 2 £  - £ j >

(8 . 8)

with
it ( a

i
24 Q R2

In equations (8. 8) and (8. 9), a 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 , ot and a ± have been used. These values are :

Q 0.49 , 6.88 4.81

(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 v^/N  and v^/N for hydrogen were compared with those found

from the experimental values of W and D/ t̂ . 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 v /N. The final values of the cross sections inm
hydrogen are shown in Figure 8.1, while a comparison between the experimental 

and calculated values of W and D/n 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/fj. 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//li 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//lx 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 q^
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has been adjusted to give the b est fit to the values of v ^ /N  o r, through equation 

(7.38), to the values of W. The agreem ent between the calculated and experi­

m ental values of D/p is le ss  sa tisfac to ry . In the energy range where ro tational 

excitation is  of g rea tes t im portance d iscrepancies of up to 18% a re  observed.

The agreem ent with the experim ental values at low energ ies suggests that 

Gerjuoy and Stein’s c ro ss  sections a re  not significantly in e r ro r  in the n ear 

th resho ld  region. The agreem ent between the calculated and experim ental 

values of D/p is  also  quite good above 0.35 eV. In th is energy range the values 

of D /p a re  la rgely  controlled by the c ro ss  section for v ibrational excitation which 

is  much la rg e r  than the c ro ss  sections for ro ta tional excitation. The vibrational 

c ro ss  section used was deduced by Engelhardt and Phelps from  values of W 

and D/p corresponding to 5 < E /p  < 20 (approximately) w here the m easu re - 

m ents of W and D/p a re  le ss  subject to experim ental d ifficu lties  and th e re  is  

general agreem ent among the re su lts  of m ost experim en ters. Since the p resen t 

experim ental data a re  in general agreem ent with the e a r lie r  data in th is range of 

E /p  it is  not su rp ris in g  that the v ibrational c ro ss  section deduced by Engelhardt 

and Phelps should also lead to good agreem ent between the calculated and ex peri­

m ental values of D/p in the p re sen t investigation.

The momentum tra n s fe r  c ro ss  section shown in F igure 8 .1  is

probably too sm all between 0. 2 and 0 .6  eV. The sm all values of q ^  a t these

energ ies re su lt from  the way in which q ^  was adjusted to fo rce  agreem ent between

the calculated and experim ental values of v /N . If a ro ta tional c ro ss  section whichm
gives b e tte r agreem ent with the experim ental values of D /p  can be used in a la te r

analysis , a smoothly ris in g  curve for q ^  should re su lt. L a te r analyses should

not significantly a lte r  the q curve shown in F igure 8 .1  above 0. 6 eV or belowm
0.1  eV. Above 3 eV the p resen t curve has been smoothly connected to that of 

Engelhardt and Phelps.

F igure  8.3 shows a com parison of the calculated  and experim ental 

values of W and D/p in para-hydrogen  at 77°K. A discussion  of these  curves 

is  essen tia lly  s im ila r to that for norm al hydrogen. The agreem ent of the values 

of W and the d isagreem ent of the values of D/p at in te rm ed ia te  energ ies a re

i V  .  . t  .f 5 i . j ' i '  5 : * ,
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of exactly the sam e o rd er as in norm al hydrogen. The im portance of the p a ra -

hydrogen re su lts  in a fu ture analysis to determ ine m ore re a lis t ic  ro ta tional

c ro ss  sections is  d iscussed  below.

A com parison of the calculated and experim ental values of W and

D/p  in deuterium  at 77°K is  given in F igure  8 .4 . It is  seen that the agreem ent

between the values of W is  good except in the energy range w here q is  thoughtm
to be too sm all. If the smoothly ris in g  curve for suggested above w ere

used the calculated values of W would be low ered and the agreem ent with the

experim ental data g rea tly  im proved. This low ering of the values of W would be

accom panied by an in c rease  in the values of D / p ; the d isagreem ent between the

calculated  and experim ental values of th is  quantity would then be of the sam e

o rd e r as  it  is  in hydrogen and para-hydrogen. At energ ies in the vicin ity  of the

v ibrational c ro ss  section the agreem ent between the calculated and experim ental

values of D/p  is  again quite good. As in hydrogen, th is  is  a reflec tion  of the

accuracy  of the c ro ss  section derived by Engelhardt and Phelps and of the

com parative ease of m easurem ent of the requ ired  values of W and D/p  . At very

low energ ies the calculated values of D/p fall below the experim ental curve. This

is  due to the neglect of co llisions of the second kind which a re  m ore  im portan t

in deuterium  than they a re  in hydrogen. This can be seen from  equations (8.1)

and (8. 2) and Table 8 .1 . The ra tio  of the energy-independent J  te rm s  of the

equations is  1/5 for the 2, 0 and 0 ,2  tran s itio n s , while from  Table 8 .1  the ra tio
-3of the populations of the J  = 2 and J  = 0 levels is  ~  4 x 10 for hydrogen and

~  0 .15  for deuterium . Thus, neglecting the polarization  co rrec tio n , in the
-3high energy lim it the ra tio  of q to q i s ^  10 for hydrogen but ^  0. 03

Li j \J U j Z

for deuterium .

To sum m arise , it  is  c lea r from  the above discussion  tha t (a) the 

ris in g  p a rt of the vibrational c ro s s  sections derived by Engelhardt and Phelps 

for hydrogen and deuterium  is  not significantly in e r ro r ,  (b) a su itab le  variation  

of q ^  can be found, and (c) G erjuoy and Stein’s theory  of ro ta tional excitation 

is  not consisten t with the experim ental re su lts  although it  was shown during the 

course  of the analysis that the inclusion of the polarization  co rrec tion  of Dalgarno
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and Moffett leads to a b e tte r fit to the experim ental data. If no polarization 

co rrec tio n  is  included the ro tational c ro ss sections a re  sm alle r and the calculated 

values of D/ju a re  h igher, i. e. in poorer agreem ent with the experim ental re su lts . 

C ross sections which r is e  m ore rapidly  with energy than those shown in F igures 

8 .1  and 8. 5 would seem  likely to give a b e tte r fit to the experim ental data. Such 

c ro ss  sections have been proposed by Sampson and M jolness (1 965) and 

Takayanagi and Geltman (1965) both of whom use  d isto rted  wave calculations.

Engelhardt and Phelps w ere able to obtain a " sa tis fac to ry ” fit to 

the p reviously  available experim ental data by the use of a sim ple scaling factor 

with Gerjuoy and Stein’s c ro ss  sections. T ria l calculations of th is type in the 

p re sen t investigation suggest that it  would be possib le to obtain a fit to the values 

of D/n  to within 5 - 7 %  everyw here, but only a t the expense of nowhere having 

ag reem ent to within the experim ental e r ro r  of -  2%. Although Engelhardt and 

Phelps w ere justified  in using th is approach with the data of W arren and P a rk e r  

(1962) which a re  subject to sy stem atic  and random  e r ro r s  of at le a s t -  5%, 

fu rth e r investigation along these lines does not appear profitab le with the accu ra te  

experim ental data provided by the p resen t experim ents.

A com parison between the momentum tra n s fe r  c ro ss  section of the 

p re sen t analysis and that of Engelhardt and Phelps is  given in F igure 8 .6 . As 

explained above, the p re sen t curve is  not expected to be a lte red  by m ore than a 

few p ercen t by la te r analyses with a b e tte r ro tational c ro ss  section, except in the 

range 0 .1  to 0. 6 eV w here the p re sen t values a re  thought to be too low. The 

v ibrational c ro ss  sections of the p re sen t analysis a re  identical to those of 

Engelhardt and Phelps. A com parison between the ro tational c ro ss  sections is  

not useful since the p resen t analysis  shows that ne ither c ro ss  section is  valid.
2

The e lec tr ic  quadrupole m oment used by Engelhardt and Phelps was 0.473 e a^ 

and th e ir  ro ta tional c ro ss  sections w ere th e re fo re  sm alle r than those used in the 

p re sen t analysis  by approxim ately 7%. The value of ( a  ,, -  ckj_) used by them

was apparently  sm alle r than that used in the p resen t calculation because in th e ir  

case  the polarization  co rrection  in c rease s  Gerjuoy and Stein’s c ro ss  section by



c - U J O  ) Figure 8.6



136 .

30% at 0. 52 eV in s te ad  of the 45% found using the p resen t values of a  ,, and 

«L .
An e r ro r  in equations (14) and (15) of Engelhardt and P h e lp s’s

paper should be noted because it appears responsib le  for th e ir use  of in co rrec t

fractional populations for the ro tational levels of deuterium . Table 8 .1 , which

is  based on form ulae set out in Appendix I , shows that the frac tional populations

of the J  = 0 and J  = 1 s ta tes  in norm al deuterium  a re  approxim ately 57% and

33%. The high energy lim it of the square  b racket te rm  in equation (8.1) is  unity,

w hereas the energy independent J  te rm  of th is equation is  2/3 for the J  = 0, 2

tran sitio n  and 2/5 for the J  = 1, 3 transition . If the polarization  co rrec tion  is

neglected, the high energy lim its  of the 0 ,2  and 1,3 c ro ss  sections of deuterium

a re  th e re fo re  in the approxim ate ra tio  of 3 : 1. Since the 0 ,2  transition  has the

low er th resho ld  energy and the la rg e r  c ro ss  section at high energ ies, the curves

for q and q can never c ro ss  in deuterium  as they do in hydrogen. This 
l) 9 Z ij u

statem ent should be contrasted  with F igure  2 of Engelhardt and P he lps’s paper

w here the ro tational c ro ss  sections for deuterium  a re  shown as having the sam e

general form  as they do for hydrogen, i. e. with q in te rsec ting  q a t about
1 ) u U j z

0. 05 eV. Equations (14) and (15) of th e ir  paper also  d isag ree  with paragraph  

II c of F ro s t and Phelps (1962) w here the c o rre c t form ulae a re  given. It seem s 

likely  that th is  e r ro r  is  la rgely  responsib le  for Engelhardt and P he lps’s fa ilu re  

to find as good agreem ent between the calculated and experim ental tran sp o rt 

coefficients in deuterium  as they found in hydrogen.

8. 4 F u rth er W ork.

The p resen t investigation should be extended in two ways: (a) to 

find a form  of the ro tational c ro ss  section which is  consisten t with all the ex p eri­

m ental data, and (b) to take into account co llisions of the second kind which have 

been ignored in the p re sen t analysis.

The task  of finding a se t of ro ta tional c ro ss  sections which a re  

consisten t with the experim ental data involves modifying the com puter p rogram  

d escribed  in chapter 7. It is  suggested that th is  be done in such a way tha t the
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ro tational c ro ss  sections be read  into the com puter as tabulated values. An 

alternative  approach would be to modify the p rog ram  so that the c ro ss  sections 

a re  calculated according to given form ulae, e. g. those of Sampson and M jolness 

(1965). This approach has two m ain disadvantages. F irs tly , i f  Sampson and 

M jolness’s form ulae a re  used the com puter tim e involved is  likely to be excessive. 

Secondly, if this p a rticu la r c ro ss  section is  found to be inconsisten t with the 

experim ental data then a fu rther m odification to the com puter p rog ram  would 

be requ ired . The suggested method of reading  in tabulated c ro ss  sections also 

contains some difficulties . These a re  :

(a) the problem  of interpolating between tabulated values when the c ro ss

section is  a rapidly  changing function of energy. This difficulty 

could be overcom e by tabulating the c ro ss  sections a t sm alle r energy 

in te rva ls  but th e re  a re  com puter lim itations to the to tal num ber of 

points which can be used.

(b) the problem  of ensuring that consisten t c ro ss  sections a re  used for

each of the allowed tran sitio n s . In any th eo re tica l trea tm en t the shape 

of the 1,3 c ro ss  section will be re la ted  to that of the 0, 2 c ro ss  section 

and this re la tion  m ust be p re se rv ed  when testing  the theory. The 

values of W and D/p, in para-hydrogen will be of p a rticu la r im portance 

in overcom ing th is  problem . Table 8 .1  shows that only the 0, 2 transition  

is  significant in para-hydrogen at 77°K and it  should th e re fo re  be possib le 

with the p re sen t data to obtain a unique c ro ss  section for th is p ro cess .

In para-hydrogen the tabulated c ro ss  section can be a rb itra r ily  adjusted 

to give a unique c ro ss  section which leads to agreem ent with the experi­

mental data to within the experim ental e r ro r .  In no other gas is  th is 

possible.

The second extension of the p re sen t analysis of the experim ental 

data is  to take into account co llisions of the second kind by following the solution 

of the Boltzmann equation outlined by F ro s t and Phelps (1962). The development 

of th is solution would allow data in the n ear th erm al region at both 77°K and
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293°K to be analysed and therefore extend the energy range over which reliable 

cross sections can be deduced.
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PART B.

THE EXTENSION OF D /m MEASUREMENTS TO HIGHER ENERGIES

CHAPTER 9.

INTRODUCTION AND EXPERIMENTAL TECHNIQUES

9.1  In troduction .

The general techniques described  in P a r t  A of th is thesis  

have been applied by Engelhardt and Phelps (1963) to hydrogen and deuterium  

to obtain the re levan t c ro ss  sections for electron energ ies of g rea te r than 

3 eV. Since the d issociation , photon excitation and ionization c ro ss  sections 

m ust be added to the l is t  of c ro ss  sections which a re  deduced from  the re la tive ly  

lim ited  experim ental data, it is  not su rp ris in g  that som e inconsistencies have 

a risen  at higher energ ies. These inconsistencies suggest that not all of the 

experim ental data a re  of com parable accuracy.

A case in point is  the available data for the tran sp o rt coefficients 

in hydrogen for E /p  > 20 V cm 1 to r r  \  Analysis of these data by Engelhardt 

and Phelps lead them  to suggest that the early  data for D /m of Townsend and 

Bailey (1921) w ere approxim ately 25% too low to be consisten t with the num erous 

values of a  , the f ir s t  Townsend ionization coefficient. Because of th e ir d is ­

tru s t  of Townsend and B ailey’s D /m data, Engelhardt and Phelps decided to 

use  a  as the m easu re  of the c o rrec tn ess  of th e ir input c ro ss  sections in th e ir 

analysis  of sw arm  data. This decision m eant that they w ere unable to obtain 

any separa tion  between the effects of e lastic  and ine lastic  co llisions, i. e. they

w ere not able to use  the quantities v /N  and v /N  described  in chapter 7, andm u
consequently the ine lastic  c ro ss  sections found w ere to som e extent dependent 

on the value of the momentum tra n s fe r  c ro ss  section chosen.

Since Engelhardt and P h e lp s 's  paper was published, Lawson 

and Lucas (1965) have reported  values of D /m over the range 10 < E /p  ^  100



140 .

which are less than 10% higher than the early data. Since at lower energies 

Townsend and Bailey's data have been found to be reliable it was thought unlikely 

that their data would have been in error by as much as 25% at higher values of 

E/p. At the same time, if accurate values of D/p for E/p > 20 were available 

it would be possible to overcome the disadvantages of having no separation between 

the effects of elastic and inelastic collisions. For these reasons it was decided 

to re-determine the values of D/x for 10 < E/p ^ 100.

In a Townsend-Huxley lateral diffusion experiment of the type 

discussed in Part A, the values of D/p or have been found to be consistent 

over a very wide range of pressures. However, in the experiments to be 

described below this was not always the case, particularly at very high values 

of E/p. At moderately high pressures, high values of E/p and long chamber 

lengths, the experimental conditions approach those for which electrical break­

down occurs. If the conditions are such that a self-sustained discharge occurs, 

each electron leaving the cathode is replaced by one new electron generated by 

some secondary process such as the impact of photons or positive ions on the 

cathode. The number of electrons in this distributed source is now exactly 

equal to the number of primary electrons entering through the 1 mm hole in the 

cathode. It is clear that as the experimental conditions approach those for which 

electrical breakdown occurs the effect of the secondary electrons must be taken 

into account in the analysis of the measured ratios of currents. However, by 

keeping the pressures low the conditions can be kept sufficiently far from those 

at which electrical breakdown occurs and in this case it is necessary to consider 

only the primary ionization within the chamber. The experimental accuracy in 

such cases is likely to be poor since the pressures required are so low that their 

accurate measurement is difficult. Moreover the electron mean free path between 

collisions is long and the electrons may not reach an equilibrium energy dis­

tribution before arriving at the anode.

Both approaches to the problem of measuring the values of 

D/p in hydrogen for E/p > 20 were used in the experiments described below.
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9. 2 Determination of the Values of D/u from the Measured Current Ratios.
The geometry of the apparatus in both experiments is similar 

to that shown in Figure 2. 2. Electrons enter the chamber through a 1 mm 
diameter hole in the cathode and then drift and diffuse through the distance h to 
the anode which is split into two concentric areas: an inner disc of radius b and 
an outer region effectively of infinite extent. The ratio of the current reaching 
the central disc to the total current reaching the anode is measured. In the 
absence of primary ionization and secondary effects the value of D/n can then be 
found from equation (2. 25) :

R = 1 - h/d exp ( - A (d - h) ) (9.1)

9. 2.1 Inclusion of the Effect of Primary Ionization.
In an unbounded volume in which an electric field is applied 

parallel to the z-axis and in which ionization by electrons accompanies the normal 
processes of drift and diffusion, the electron concentration is described by the 
differential equation (Huxley, 1959)

V2 n = 2 X - 2 A a . n (9.2)
9 z

In this equation 2 A = W/D, a = o ’/W and n a ’ is the rate of production of 
electrons by ionization per unit volume when the electron number density is n.
If secondary effects are ignored, the solution of this equation analogous to the 
solution discussed in section 2.1. 4 leads to the following expression for the 
current ratio R (Huxley, 1959) :

R = 1 - h/d exp ( - A’ (d - h) ) (9.3)

where ( A’ )2 = A2 - 2 A o. = ( A - Oj,)2 (9.4)

a being the Townsend primary ionization coefficient and the other symbols 
have their usual meaning. Measurements of R therefore yield values of A ’ from 
which the values of A can be obtained only through knowledge of the values of 
cl found from a separate experiment. This experiment could be carried out using
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the same apparatus but a different procedure (see for example, Haydon, 1964).

It should be noted that, like A/p , A’/p is a function of E/p 

and not of p alone, so that values of A '/p obtained from the measured current 

ratios at a fixed value of E/p should be independent of p.

9. 2. 2 Inclusion of the Effects of Prim ary Ionization and Secondary Emission.

Hurst and Liley (1965) reported a comprehensive analysis of 

the Townsend-Huxley lateral diffusion technique. They were able to derive an 

expression for R when ionization within the chamber and the emission of secondary 

electrons at the electrode surfaces accompany the normal processes of drift and 

diffusion. It will be shown later that for the present experimental conditions 

virtually all of the secondary electrons are  liberated by the impact of photons on the 

cathode. In this special case the formula for R is (Hurst and Liley, 1965)

R = b exp ( A ’ - A ) h 2 tt A p exp ((A - A ’) h ) - 1

A - A'
00

X + A’ o

where

I (i) = J x ( bi ) exp ( A - (A'2 + f 2 )2 h ) (9.6)

1 + A M ( f )

and

2 2 IA - i - ( A ? + i )2

o
exp ( - 2 h ( A ' + f  ) “) ( A - f + (A ' + f  )“ h) - 1

(9. 7)

A = W/2D 2 2A’ = A -  2  X  a i (9. 8)
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A = ^ ' ( X - X ' H ö / a )  

2 IT

(9. 9)

In these equations (b l ) is  a B essel function of the f ir s t  kind and ( 6 / a .  ) is  

the num ber of secondary e lectrons libera ted  at the cathode p er ionizing collision 

in the gas. Form ulae for the other special case  w here all the secondary e lec trons 

a re  libera ted  by positive ion bom bardm ent of the cathode and for the general 

case when both p ro cesses  a re  active can be found in H urst and Liley.

Equation (9. 5) cannot be evaluated explicitly, but R can be 

calculated num erically  from  it  to any requ ired  degree of accuracy by in tegrating  

from  zero  to a sufficiently high roo t of (b S. ). H urst and Liley w ere able to 

show that in all p rac tica l cases the in tegration  need be made only as fa r as the 

th ird  root of (b i ) .

The calculation is  c a rrie d  out for a s e r ie s  of values of E /p  and 

p for an apparatus of known geom etry using published data for a ^  and se ts  of 

values of X and the secondary coefficient. At a given value of E /p  a com parison 

of the calculated values of R at a s e r ie s  of p re s su re s  with the corresponding 

experim ental values leads to unique values of X and the secondary coefficient.

9. 3 The A pparatus.

The apparatus used for the experim ents at low p re s su re  has 

been described  previously  by Crompton and Jo ry  (1962). The apparatus used for 

the experim ents at higher p re s su re s  was designed by the author.

9 .3 .1  Apparatus Used for the Experim ents a t Low P re s s u r e s .

F igure  9.1 shows a c ro ss  sectional view of the diffusion apparatus 

used. The effective size  of the cen tral d isc and the cham ber length a re  variab le. 

The receiv ing  electrode consists  of a cen tral d isc  of rad ius 0. 5 cm and a s e r ie s  

of surrounding insulated annuli of ex ternal rad ii 1. 0, 1. 5, 2. 0 and 4, 2 5 cm.

Each section of the electrode is  mounted on a sep a ra te  double-ended housekeeper 

seal to ensure  that the sections a re  accura te ly  concentric  with the axis of the 

apparatus and that each section is  highly insulated  from  the next and from  earth .
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The whole electrode is mounted on a stainless steel thread of 1 mm pitch which 

enables (Crompton and Jory, 1962) the separation between source hole and re­

ceiving electrode to be set at any desired distance in the range 1 to 10 cm. All 

surfaces of the apparatus exposed to the electron stream were gold coated to 

minimize errors due to contact potential differences. The Pyrex glass envelope 

is similar to those described in chapters 3 and 5; the demountable seals were 

made with W 100 wax.

Using Townsend and Bailey’s data as a guide to the expected 

results, calculations showed that the following experimental conditions would 

lead to current ratios in the desired range o f 0 . 3 < R < 0 . 9 :

h = 4 cm b = 1 cm P = 0.5, 1. 0 and 1. 5 torr

h = 3 cm b = 1 cm P = 0.5, 1. 0 and 1. 5 torr

h = 2 cm b = 1 cm P = 0.5, 1. 0, 1. 5 and 2. 0 torr.

9.3.2 Apparatus Used for the Experiments at Higher Pressures.

A cross section of the apparatus is shown in Figure 9. 2. The 

electrodes of solid Dural were contoured to a modified Rogowski profile (Bruce, 

1947) to minimize the possibility of sparking, other than across the gap, when the 

conditions approached those for electrical breakdown. The dimensions of the 

electrodes were chosen to ensure adequate uniformity of the electric field in the 

central region.

Preliminary calculations showed that a nominal electrode 

separation of 2 cm together with a central disc of diameter 0. 7 cm would be the 

most useful. With these dimensions it was expected that measurements could be 

made at any given value of E/p over a significant range of pressure within the 

limits 2 to 10 torr. Calculations also showed that 99. 9% of the current reaching 

the anode would be collected on a disc of radius 1.0 cm; since this dimension was 

not critical, the larger radius of the outer annulus of the collecting electrode was 

made 1. 5 cm. Further calculations showed that an error of approximately 1% 

in k  ̂ would result from an error of 0. 01 cm in h. Errors in h due to inaccuracy 

of measurement or other causes were less one quarter of this amount.
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Each electrode was machined from  a piece of solid Dural 2” 

thick and approxim ately 7 jM in d iam eter. Machining was continued until each 

electrode fitted  an alum inium  tem plate accura te ly  constructed  according to the 

form ulae of B ruce (1947). The electrodes w ere polished to a high degree of 

su rface  finish and w ere cut away on the re v e rse  side to reduce the total weight of 

the apparatus. The segm ents of the collecting electrode w ere mounted on a g lass 

backing p late .

The cathode and anode w ere mounted on b ra s s  p la tes 1 thick.  

The th ickness of the p la tes was chosen afte r consideration of th e ir possib le  

d is to rtion  due to a tm ospheric  p re s su re  when the apparatus was evacuated. The 

end p la tes  w ere separated  by an 8M length of 12j" outside d iam eter heavy wall 

P y rex  tubing, the ends of which had been ground fla t and p a ra lle l to within 0. 001M. 

Apiezon W100 wax was used to make the vacuum seal between the end p la tes and 

the g lass  tubing. The e lec tro m ete r connections to  the receiving e lectrode w ere 

m ade through ceram ic  to m etal sea ls  soldered into the base p late . The filam ent 

s tem  and pumping connection w ere combined in a l j ” d iam eter Kovar seal mounted 

axially  on the top plate. The Kovar seal was argon a rc  welded to a s ta in less  steel 

flange which in turn  was sealed to the b ra s s  p la te  by a p re-ou tgassed  Viton rubber 

O -ring.

The su rfaces of the cathode and anode w ere gold coated by 

vacuum deposition to produce su rfaces with s tab le  and re la tive ly  low photo e lec tric  

sensitiv ity . The dim ensions of the com pleted elec trode  s tru c tu re  w ere

h = 2.016 cm b = 0.3505 cm.

9. 4 Other Experim ental D etails.

9. 4 .1  E lec trica l Supplies, C urren t M easuring Equipment and Vacuum System s.

The e lec trica l and cu rren t m easuring  equipment w ere identical 

to those described  in chapter 3.

The vacuum system s w ere s im ila r  to those described  in section

3 . 5 . 1  but no second stage pumping was provided. The u ltim ate p re s su re  reached
-4was of the o rd er of 10 to r r .  The ra te  of p re s su re  r is e  of the Rogowski p rofile
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apparatus when isolated from the pumping line was typically less than 5 x 10 

torr/hour. The volume of the chamber was approximately 20 litres. Over the 

several hours taken for any experimental run this gas influx would lead to an 

impurity level of 5 ppm in a 2 torr sample of gas and of proportionately less than 

5 ppm into higher pressure samples. The impurity levels of the gas samples used 

in the low pressure experiments were about five times higher than these figures.

9.4.2 Measurement of the Gas Temperature and Pressure.

Neither apparatus contained a water cooler of the type described 

in section 3.1.3.  Both were operated in an air conditioned room maintained at 

20 - 2°C. Short term fluctuations in the air temperature appeared to be damped 

by the bulk of the metal in the apparatuses. Errors in the final values of k̂  due 

to errors in temperature measurement were thought to be less than - 0. 5%.

The pressure gauge used in the experiments with the Rogowski 

profile apparatus was a 0 - 40 torr capsule gauge of the type described by Crompton 

and Elford (1957), The error in pressure measurement was less than - 0. 5% 

at 5 torr and about - 1. 5% at 2 torr.

For the low pressure experiments the error in measuring 

pressures of 0. 5 torr with this gauge would have been about 5%. However, 

Crompton and Jory (1962) had used the same apparatus but with higher gas press­

ures to obtain values of k̂  in hydrogen up to E/p = 5.0 V cm * torr They 

placed an error limit of - 1% on their data. The procedure adopted to set the 

pressure in the present experiments was therefore to set the voltages accurately 

to the values required for E/p = 5.0 and then to adjust the pressure until the 

measured value of k̂  was equal to that reported by Crompton and Jory. The 

reproducibility of this method of setting the pressure was about 1 - 2 %.
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CHAPTER 10 

RESULTS AND DISCUSSION

The re su lts  obtained from  both the se ts  of experim ents described  

in the previous chapter a re  p resen ted  below. In the low p re s su re  experim ents 

values of w ere found for the range 10 < E /p  < 100, while the corresponding 

range for the experim ents in the Rogowski p ro file  apparatus was 10 ^  E /p < 70 .

An e r ro r  lim it of -  5% is  placed on both se ts  of data.

10.1 The Ionization Coefficient.

To proceed with an analysis  of the cu rren t ra tio s  obtained in 

e ither experim ent it is  n ecessa ry  to know the values of a ^ / p  as a function of E /p , 

The values could have been m easured  in the p re sen t apparatus using the method 

described  by Haydon (1964). However, th e re  is  general agreem ent on the values 

of the coefficient for E /p  < 100 (see, for exam ple, Golden, Nakano and F ish e r,

1965) and th is fact suggests that the published data could be used with confidence. 

The data w ere th e re fo re  not re -d e te rm in ed  but taken from  the paper of Rose (1956). 

The values of as a ûnc^ on ^ ^ 2 9 3  a re  ^ ste<  ̂ in Table 8 of Appendix 2.

10. 2 R esults from  the Low P re s s u re  E xperim en ts.

The values of k^ found in the low p re s su re  experim ents a re  

shown in Table 10.1. An e r ro r  lim it of -  5% is  placed on the average values in 

th is Table. A discussion  of the re su lts  will be given in section 10.4.

10.3 R esults from  the Higher P re s su re  E xperim en ts.

Keeping within the lim its  determ ined  by sparking, two se ts  of 

m easurem ents of the ra tio s  w ere taken in the range 10 < E /p  < 70  using as wide 

a range of p re s su re s  as possib le . Over a period  of twelve days no cu rren t ra tio  

changed by m ore than 1%. The averages of these  two se ts  of m easurem ents w ere 

used in the subsequent analysis.

If the values of A ’ a re  calculated  from  th ese  ra tio s  using equa­

tion (9.3) which ignores the effect of secondary p ro c e sse s , the quantity A'/p
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Table 10.1

Values of for electrons in hydrogen at 293°K.

b/h = 0.5 b/h = 0. 333 b/h = 0.25

p 0.5 1.0 1.5 2 .0 0.5 1.0 1.5 0.5 1.0 Aver­

E/p
age

10 43.7 42.4 41.7 41.6 42.2 42.1 42.2 42.1 42.3 42.3

15 61. 9 - 60.3 61.7 60.4 61.6 - 61.0 62.2 61.3

20 78. 1 78.2 77. 9 78.3 76.7 78.2 78. 9 76.7 78. 9 78.0

25 90.4 90.5 90.7 89.1 90.5 90.7 88.9 90.5 90.2

30 100.6 99.7 100.7 98.8 99.7 99. 9 98.6 100.2 99.8

35 108 107 108 106 107 106 106 107

40 116 117 115 114 115 114 114 115

45 124 124 125 121 123 121 119 122

50 132 131 129 131 129 127 130

55 137 137 134 135 136

60 144 145 142 142 143

65 152 147 149 149

70 159 154 157 157

75 165 162 164 164

80 173 169 172 172

85 179 176 181 179

90 185 183 189 186

95 193 192 198 194

100 200 200 208 203
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is found to be markedly pressure dependent. This dependence is shown in 

Figure 10.1 in which the quantity k^’ = (eE/2kT) A ’ is plotted as a function of p.

It is seen that k^’ increases with increasing p and that this increase becomes 

more rapid as E/p is increased. The pressure dependence of the results is due 

to secondary processes at the cathode. To obtain the values of k̂  it is  therefore 

necessary to analyse the measured ratios on the basis of equation (9. 5).

The analysis of the results for E/p = 45 is typical of the procedure 

which was followed to decide which of the secondary processes was more important. 

From the results of spatial and temporal growth of current experiments (Llewellyn- 

Jones, 1957, Morgan and Williams, 1965) it is reasonable to assume that the 

photon effect is dominant over most of the range of E/p used in the present experi­

ments. Accordingly, equation (9.5) was first used with the appropriate values of 

and trial values of X and 6 / c l until the current ratios calculated from it 

agreed with the ratios measured at the extremes of the pressure range, in this 

instance 2 and 9 torr. These values of , X and 6 / cl were then used to calcu­

late the current ratios at the intermediate pressures and the agreement between 

theory and experiment examined. A similar procedure was then followed using 

a formula for R similar to equation (9. 5) but appropriate to the positive ion 

secondary process.
The comparison between theory and experiment is facilitated by 

converting the current ratios to apparent values of k^’ through equation (9.3).The 

values of k^’ found in this way are shown in Table 10. 2.

Table 10.2

E /p  = 45 o ^ / p = 0 . 266 ö / a  = 2. 82 x 1 0 ”3 y = 6. 64 x 10 3

P = 2 3 4 5 6 7 8 9

Apparent k^’ = 128 130 134 139 150 168 208 300

photon calculated k^’ = 130 131 134 138 147 166 205 299

positive ion calcu­
lated k^’ = 129 128 129 131 136 148 177 297



150.

From this table it can be seen that the agreement between theory and experiment 
is excellent when the ratios are calculated on the assumption of a photon second­
ary effect. On the other hand, when the calculations are based on the assumption 
of a positive ion process, the agreement is less satisfactory, with discrepancies 
of up to 15% between theory and experiment. These results support the view 
that at this value of E/p the secondary process is predominantly a photon rather 
than a positive ion phenomenon.

The evidence from other experiments and from a consideration of 
the relative efficiencies of the excitation and ionization processes (Penning,
1938, Druyvesteyn and Penning, 1940, Corrigan and von Engel, 1958) suggests 
that as E/p is lowered the positive ion effect becomes less important than the 
photon effect. At low E/p electrons in the swarm have sufficient energy to 
cause excitation of the gas molecules and hence to create photons, but there 
are few electrons in the swarm with sufficient energy to cause ionization. Thus 
the number of photo-electrons per ionizing collision might be expected to be 
large at low E/p and to decrease as E/p and the mean energy of the electrons 
rises. At higher values of E/p measurements were not made over a sufficiently 
wide range of pressure to be able to determine which secondary process was 
more important, but Morgan and Williams’s results show that at E/p = 70 the 
value of y (the positive ion secondary coefficient) is still less than 50% of the 
value of ö /  a. For these reasons the experimental current ratios at all values 
of E/p were analyzed on the assumption that all the secondary electrons were 
produced by the impact of photons on the cathode. Sample calculations at 
E/p = 70 using the positive ion formula gave values of not significantly 
different to those found assuming the photon process to be dominant. Below 
E/p = 55 measurements were made over a sufficiently wide range of pressures 
for the use of the photon formula to be justified by comparisons similar to that 
of Table 10. 2.

At each value of E/p the value of the secondary coefficient which 
gave most nearly independent of pressure was found. Table 10.3 shows a 
typical example of the invariance of k^ with pressure when the correct value of
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the secondary coefficient was used.

Table 10.3

E/p = 45 a T/p = 0. 266 <5 / a = 2.82 x 10

P 2 3 4 5 6 7 8 9

Apparent k^ = 129 130 133 139 150 168 206 295

True k  ̂ = 123 123 124 123 126 126 123 123

The values of the secondary coefficient found in the present investi­

gation are listed in Table 10.4.

Table 10.4

Secondary coefficient Ö /a  for gold electrodes in hydrogen.

E/p <5 / a  x 10̂ E/p ö /  a x 10

20 48.5 50 2.86

25 13.8 55 2.66

30 8.51 60 2.76

35 5.46 65 2.70

40 3.45 70 2.79

45 2.82

From the discussion above it would seem likely that some reliance could be 

placed on the values of ö / a  obtained from the present analysis for E/p < 55 

but that the values obtained at higher values of E/p should be treated with 

caution.

The values of found in the same analysis are given in Table 

10.5. At each value of E/p the values of k̂  were found to have an overall 

residual scatter of the order of - 1%. At the lower values of E/p measurements 

could be made over an extended range of pressures and the validity of using 

equation (9.5) to analyse these results was established. Consequently the 

values of k  ̂ can be regarded as reliable. For E/p > 55 the range of pressures
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Table 10. 5

Values of in Hydrogen at 293°K.

2 3 4 5 6 7 8 9 10

Average

42.2 42.2 42.0 42.3 42.1 42.1 42.1 42.1 42.1 42.1

62.3 62 .1 62.1 62.1 62.5 62.1 62.0 62.2 62.6 62.2

79. 1 79.2 79.2 78.9 79.2 78.9 79.2 79.0 79.1 79.1

90.4 91.3 91.4 91.3 91.6 91.2 91.4 91.6 91.3

100 100 101 101 101 100 101 101 101 101

108 108 109 109 109 109 109 109 108 109

116 116 117 117 117 117 117 117 116 117

123 123 124 125 126 126 125 123 125

129 130 130 130 129 130

136 137 137 136 137

143 143 143 143

150 150 150

157 157 157
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was lim ited  but the argum ents outlined above and the re su lts  th em selv es  suggest 

that the values of a re  subject to an e r ro r  of le ss  than 5%.

10. 4 Com parison with Other Data,

10 .4 .1  The Secondary Coefficient.

A com parison of re su lts  for the secondary coefficient is  not 

generally  useful since the actual values of the coefficients vary  from  experim ent 

to experim ent, depending large ly  on the electrode su rfaces. The im portant 

re su lts  a re  the variation  with E /p  of the secondary coefficient and the re la tiv e  

im portance of the a lternative  secondary p ro c e sses . N evertheless, it is of 

in te re s t to com pare the p re sen t re su lts  with the data of Morgan and W illiams 

(1965), which a re  the only other data for gold e lec trodes in hydrogen. F igure 

10. 2 shows that over the common range of E /p  th e re  is  general agreem ent 

between the two se ts  of data. Morgan and W illiam s found that at E /p  = 52, 

th e ir lowest value, the photon coefficient was an o rd er of m agnitude la rg e r than 

the positive ion coefficient. There a re  no other com parable data known to the 

author which extend to such low values of E /p , but the shape of the p resen t curve 

is  in agreem ent with the general argum ents outlined in section 10.3 above.

10 .4 .2  The Values of k^ .

Over the common range of E /p  the re su lts  from  the low p re s su re  

and Rogowski p rofile  experim ents a re  in excellent agreem ent, the maximum 

discrepancy between the two se ts  of data being about 2%.

The p resen t re su lts  a re  shown plotted as a function of E /p ^ ^  in 

F igure  10.3. Also shown in th is  F igure  a re  the re su lts  of Townsend and Bailey 

(1921), Lawson and Lucas (1965) and the p red ic ted  values of Engelhardt and 

Phelps (1963). A tem pera tu re  of 15°C has been assum ed for Townsend and 

B ailey’s data. Townsend’s 1948 values which appear only in h is book ’’E lectrons 

in G ases” a re  not quoted since they a re  not in agreem ent with the values given 

in the paper cited as th e ir  source. Townsend and B ailey’s values may at b est 

be regarded  as values of k^’ and they have th e re fo re  been co rrec ted  for the 

effect of ionization fo r the purpose of com parison. Lawson and Lucas’s values
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are consistently about 8% higher than the present results. This percentage d is­

crepancy is present even below E/p = 20 where the present results agree well 

with those of Crompton and Sutton (1952) and those of Townsend and Bailey, and 

where none of the sets of results are likely to have been influenced by either 

prim ary or secondary effects. It therefore seems probable that Lawson and 

Lucas’s measurements are subject to a systematic e rro r of this magnitude 

throughout.

It should be noted that both Townsend and Bailey and Lawson and 

Lucas worked at pressures of the order of 1 to rr and therefore the effects of 

secondary processes would be minimized. It is likely, however, that e rro rs  from 

these effects were not always negligible in Townsend and Bailey’s experiments.

Any correction applied to take account of these processes would lower the values 

of k^ reported by them.

Finally, the results of the present experiment are to be compared 

with the calculated values of Engelhardt and Phelps (1963). Figure 10.3 shows 

that the present data confirm Townsend and Bailey’s data and are therefore also 

about 25% lower than Engelhardt and Phelps’s calculated values. The present 

results suggest that Townsend and Bailey’s data were not seriously in e rro r and 

were, in fact, too high rather than too low.

Some of the disagreement between the calculated and experimental 

values of D/u is due to the fact that Engelhardt and Phelps used the approximation 

a . = ttrp . The values of a. used by them are therefore too high and lead to 

calculated values of D/ß which are also too high. Since the difference between 

a. and is 4% at E/p = 70, and less than this at lower values of E/p, it would 

seem unlikely that this correction would significantly improve the fit between the 

calculated and experimental values of D/ß  .

By adopting the experimental procedure and analysis described 

above it is possible to extend considerably the range of E/p over which k^ can be 

reliably determined. At the same time an analysis of the data using the complete 

theory of Hurst and Liley (1965), which takes account of both photon and positive 

ion secondary effects, provides a new method of determining the coefficients for
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these processes. Furthermore, the fact that the present data have confirmed 

Townsend and Bailey’s results shows that further investigation of the inconsist­

encies found by Engelhardt and Phelps is  required.
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APPENDIX 1.

THE PROPERTIES OF HYDROGEN, PARA-HYDROGEN AND DEUTERIUM.

THE PREPARATION AND ANALYSIS OF PURE PARA-HYDROGEN.

A 1.1 Ortho- and para- Hydrogen.

Both parallel and anti-parallel orientations of the nuclear spin 

may occur in hydrogen molecules. These different orientations combined with 

certain values of the rotational quantum number J distinguish the two hydrogen 

modifications. Para-hydrogen molecules have anti-parallel nuclear spins and 

even rotational quantum numbers, while ortho-hydrogen molecules have parallel 

nuclear spins and odd rotational quantum numbers (Farkas, 1935).

There is an equilibrium concentration of ortho- and para- 

hydrogen characteristic of a given temperature. For T ^ 293°K hydrogen 

consists of 25% para-hydrogen and 75% ortho-hydrogen; at liquid hydrogen 

temperature (approximately 20°K) the equilibrium mixture is very nearly 100% 

para-hydrogen. However the equilibrium concentration for a given temperature 

is not reached merely by cooling the gas; if this is done all the para- and ortho­

molecules fall to their lowest rotational levels, but the proportion of ortho- to 

para- molecules remains unchanged at 3 to 1. Such a mixture is known as 

normal hydrogen. The spontaneous conversion of normal hydrogen to the 

equilibrium concentration characteristic of a given temperature may take many 

months. Similarly, once pure para-hydrogen is prepared it does not change 

spontaneously to the equilibrium mixture corresponding to the temperature at 

which it is stored but can, in fact, be stored for many weeks with no appreciable 

reconversion. Paramagnetic substances greatly increase the rate of reconversion. 

The para-hydrogen is converted to normal hydrogen in contact with metal 

catalysts such as platinum or nickel at temperatures of several hundred degrees 

(Farkas, 1935).
It is known from spectroscopic data that in the excitation of 

rotational levels in hydrogen the rotational quantum number changes only by
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+ 2, ± 4 etc. (H erzberg, 1950). It is  a lso  known that transitions involving a

change in J  of g rea te r than 2 a re  extrem ely  r a r e  (i. e. in the context of the

p re sen t investigation the c ro ss  sections for th is  p ro cess  a re  negligibly sm all)
+

and so the transition  ru le  considered is  A J  = -  2.

The therm odynam ic equilibrium  between ortho- and p a ra -  

hydrogen is  governed by the Boltzmann re la tion . Thus, of the total num ber of 

m olecules Nq , the num ber in the J  th ro ta tional s ta te  is  given by

N = N p exp ( -  E /  kT ) (A 1.1)J o J J

w here p and E denote the s ta tis tica l weight and the energy of the s ta te  J  J J
respective ly . I t is  known from  spectroscop ic  data that

E j = J (J + 1) B q (A 1. 2)

w here B^ is  the ro tational constant of the m olecule. It may be shown that since 

the hydrogen m olecules obey F erm i-D irac  s ta tis tic s  (F arkas, 1935) the s ta tis tica l 

weights a re  given by

p = 2 J  + 1 for J  even
J

= 3 (2 J  + 1) fo r J  odd (A 1.3)

Equation (A 1.1) shows that the fraction  of the m olecules in the J  th ro tational 

level is

_^J exp ( -  E /  kT ) (A 1.4)
d

Pr
with

Pr  = 2  P j exp ( -  E j /k T  ) (A 1. 5)
J

The application of equations (A 1. 2) to (A 1. 5) to para-hydrogen 

is  stra igh tfo rw ard . Using B^ = 0. 00754 eV (H erzberg, 1950) and the fact that 

p a ra  -hydrogen contains only ro tational levels with even J  , it  is  read ily  found 

that at 77°K, 99. 46% of the m olecules occupy the J  = 0 level, while the rem aining 

0. 54% occupy the J  = 2 level.
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In the case of normal hydrogen, where the proportion of even J 

to odd J molecules is preserved at the high temperature limit of 1 : 3, the fraction­

al populations are found by calculating the populations for a gas with only even J 

and for a gas with only odd J ; these two results are then combined by weighting 

them in the ratio of J even J to £ odd J. Thus, for normal hydrogen at 77°K the 

fractional populations of the rotational levels are found to be:

J = 0 ( i  x 99.46 ) = 24. 87%

J = 1 ( £ x 99. 99) = 75.00%

J = 2 ( i  x 0. 54 ) = 0.13%

J = 3 ( < I x 0.001) = 0.00%

A 1. 2 Deuterium.

Deuterium also contains a mixture of ortho- and para-molecules. 

Normal deuterium contains 2/3 even J molecules and 1/3 odd J molecules 

(Farkas, 1935). The nuclear spin of deuterium is 1 (c.f. \  for hydrogen) and the 

rotational constant of the molecule is half that of hydrogen, i. e. Bq = 0. 00377 eV 

(Herzberg, 1950). Deuterium obeys Bose-Einstein statistics and the statistical 

weights of its rotational levels are therefore given by (Farkas, 1935) :

p = 6 (2 J + 1) for J even 
J

= 3 ( 2 J + 1) for J odd (A 1.6)

Using equation (A 1.6) in place of equation (A 1.3) the fractional 

populations of the rotational levels in normal deuterium at 77°K can be calculated 

in the same way as those for hydrogen. The results are :

J = 0 (2/3 x 85.82) = 57.21%

J = 1 (1/3 x 99. 21) = 33.07%

J = 2 (2/3 x 14. 18) = 9.45%

J = 3 (1/3 x 0.79 ) = 0.26%

A 1.3 The Preparation of Pure para-Hydrogen.

As stated above, pure para-hydrogen is not readily obtained by
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simply cooling normal hydrogen to 20°K. However, the equilibrium concentration 

for any given temperature below room temperature can be obtained by cooling 

normal hydrogen over a simple catalyst. Although many of the early experimenters 

used activated charcoal as the catalyst, it is now known that a better catalyst for 

the conversion is unsupported ferric  hydroxide of 30-50 mesh size (Barrick,

Weitzel and Connolly, 1954, Weitzel and Park, 1956, Buyanov, Zel'dovich and 

Pilipenko, 1962). The catalyst is activated by baking at approximately 140°C for 

24 hours at a pressure of 10 - 20 microns. As long as exposure to air, water 

vapour or other poisons does not occur the catalyst can be used indefinitely 

without reactivation (Barrick, Weitzel and Connolly, 1954).

Although para-hydrogen is commonly prepared in liquid form, 

the requirement of high purity gas for the D /jj measurements at 77°K (where the
9

oxygen concentration must be of the order of 1 part in 10 or lower) makes the 

preparation of 100% para-hydrogen difficult. To prevent contamination of the 

gas the conversion apparatus and storage tank must form a closed system with a 

low outgassing rate. It will be shown below that because the para-hydrogen must 

be prepared in a closed system special precautions must be taken to ensure that 

the para-content of the final gas samples is very nearly 100%.

A block diagram of the experimental arrangement is shown in 

Figure A 1.1 while a cross sectional view of the conversion chamber is shown 

in Figure A 1. 2. The gas reservoir was a pre-outgassed stainless steel tank of 

15 litres capacity fitted with a Granville-Phillips high pressure U. H. V. valve.

The tanks were filled with high purity hydrogen using the palladium osmosis 

tubes described earlier. The conversion chamber was thoroughly outgassed 

and leak tested. The vacuum cavity of the conversion chamber was approximately 

18M long and 2” in diameter. A backing pump was used to draw liquid helium 

through the 24' coil of 1/16” I. D. copper tubing. The hydrogen and helium 

systems were completely separate.

Hydrogen gas from the reservoir condensed on the coil and 

dripped to the bottom of the chamber where a small amount of the activated 

catalyst was placed. Cooling was continued until the triple point of hydrogen
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was passed, i. e. all the hydrogen which had condensed on the catalyst had 

turned to solid and the residual pressure throughout the system was about 50 

torr. The conversion chamber was then isolated and the reservoir evacuated to
_5

better than 10 torr. Most of the gas in the conversion chamber was then 

pumped away and the solid hydrogen allowed to partially evaporate. The hydrogen 

was then condensed again and cycling in this manner repeated several times to 

ensure that all the hydrogen in the chamber had been in contact with the cold 

catalyst. The solid or liquid para-hydrogen was then allowed to slowly evaporate 

and fill the reservoir to atmospheric pressure.

Because the para-hydrogen is made in a closed system the 

catalyst remains in the conversion chamber during the warm-up cycle. It is 

therefore necessary to ensure that during evaporation of the liquid para-hydrogen 

the temperature of the catalyst does not rise sufficiently to reduce the para- 

concentration of the gas significantly. A number of precautions were taken to 

ensure that the catalyst was kept cold during the warm-up cycle. The amounts 

of catalyst and gas were carefully regulated to ensure that when the reservoir 

reached atmospheric pressure there was still a substantial amount of liquid 

hydrogen left in contact with the catalyst. A radiation shield over the surface of 

the catalyst was attached to a heavy copper rod which ran through the catalyst 

and into the residual liquid hydrogen. The combination of heavy copper rod and 

heat shield improved the thermal contact between the catalyst and the residual 

liquid hydrogen and also ensured that the upper surface of the catalyst was not 

radiantly heated from above. Finally, a small flow of liquid helium was main­

tained through the heat exchanging coil during the warm-up cycle* the effect 

of this flow was to reduce radiant heating of the catalyst by keeping the temper­

ature throughout the conversion chamber near 20°K.

As well as the main reservoir, two small glass sample bottles 

were filled with para-hydrogen, one at the beginning and the other at the end 

of the warm-up cycle. The bottles then contained samples of gas obtained under 

the most favourable and least favourable experimental conditions for preparing 

100% para-hydrogen.



161 .

A 1.4 The Analysis of the para-H ydrogen.

Analysis of the o rtho - and p a ra -  concentrations re lie s  on the 

difference in the therm al conductivity of the two form s (F arkas, 1935). A 

sim ple analy ser based on the design of G rilly  (1953) was used. A p a ir of 

Sylvania P iran i tubes m atched in re s is ta n c e  to within 0. 01ft form ed two a rm s of 

a W heatstone bridge network. The tubes w ere  im m ersed  in a liquid nitrogen 

bath to obtain g rea te r sensitiv ity  (P iran i and Yarwood, 1961). The rem aining 

a rm s of the bridge c ircu it w ere a p a ir  of re s is ta n c e  boxes graduated to 0. 001 ft. 

Hydrogen at a p re s su re  of 40 to r r  was adm itted to both the P iran i tubes and 

balance of the bridge obtained by adjusting the re s is ta n c e  boxes. One of the 

P iran i tubes was then iso lated  while the o ther was evacuated and then filled to 

a p re s su re  of 40 to r r  with the gas to be analysed. The out-of-balance cu rren t 

in the W heatstone bridge c ircu it was then a m easu re  of the para-hydrogen content 

of the gas sam ple. The cu rren t to the b ridge was supplied by a stab ilized  d. c. 

supply and was adjusted so that 100% para-hydrogen produced full sca le  deflection 

on the m eter which m easured  the out-of-balance cu rren t.

The device was calib rated  with a sam ple of para-hydrogen 

collected under the m ost favourable experim ental conditions. The sensitiv ity  was 

found by p reparing  a 90% para-hydrogen sam ple from  a m ix ture  of 100% p a ra -  

hydrogen and norm al hydrogen. The reso lu tion  was such that a 0. 5% change in 

the para-hydrogen concentration could be detected.

The gas sam ple obtained at the end of the w arm -up cycle was 

indistinguishable from  the 100% sam ple. S im ilarly , gas sam ples taken from  the 

s ta in less  steel re s e rv o irs  and from  the d rif t velocity apparatus a t the end of 

an experim ental run w ere a lso  indistinguishable from  the 100% sam ple. The 

para-hydrogen content of all the sam ples used is  claim ed to be g re a te r  than 

98%.

A 1.5 P re lim in ary  Experim ents to Find a Suitable E lectron Source.

In itial te s ts  showed that re -co n v ersio n  of the para-hydrogen 

to the 25% - 75% m ixture occurred  very  rap id ly  in the p resen ce  of a heated
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platinum  filam ent. For example, total re -conversion  of a 1 l i t r e  sam ple of 

77°K equilibrium  hydrogen (approxim ately 50% ortho 50% p a ra -  ) took place 

in le ss  than 17 m inutes. T ests  with a sm all piece of tritiu m  im pregnated 

titanium  ( a ß source) showed that the re -co n v ersio n  was due to the platinum  

filam ent and not to the p resence  of the e lectrons them selves. The A m ericium  

source described  ea rlie r was used in p lace of the platinum  filam ent for a ll the 

para-hydrogen experim ents. No d rift in the values of W or D/ju was observed 

over a period  of 48 hours.
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APPENDIX 2. 

SUPPLEMENTARY DATA.

As explained in the main text all of the data shown below were extracted 

graphically from tabulated values given elsewhere. The figures quoted below 

should therefore be treated with caution.

Table A 2.1

Values of D//u in hydrogen at 293°K.

E/N D 4 i E/N D

2 x 10"19 0.0259 5 x 10-18 0. 0593

3 0.0265 6 0.0664

4 0.0271 8 0.0811

5 0.0278 1 x 10~17 0.096

6 0.0285 2 0.196

8 0.0300 3 0.232

1 x 10"18 0.0315 4 0.286

2 0.0388 5 0.331

3 0.0456 6 0.373

4 0.0525

Source: Table 4 .6  and 4. 7.

Table A 2. 2

Values of D/u in deuterium at 293°K.

E/N D /n E/N

2 x 10"19 0.0258 5 x 10"18 0.0670

3 0.0263 6 0.0775

4 0.0268 8 0.096

5 0.0274 1 x 10-17 0.118

6 0.0280 2 0.207

8 0.0294 3 0.275

(Continued on next page)
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E/N D/m E/N D /u

1 x l ( f 18 0.0307 4 0.334

2 0.0388 5 0.387

3 0.0481 6 0.440

4 0.0575

Source: Table 4. 9.

Table A 2.3

D rift velocity of electrons in hydrogen at 293°K.

E/N W E/N W

2 x 10"19 3 .09  x 1 0 4 , 171 x 10 6. 23 x 10

3 4.61 2 8.35

4 6.00 3 1.00 x 10

5 7.36 4 1.15

6 8.73 5 1.29

8 1.13 x 105 6 1.42
, -18 1 x 10 1.37 8 1.66

2 2.35 1 x 10"16 1.88

3 3.14 2 2.86

4 3.78 3 3.67

5 4.34 4 4.60

6 4.82 5 5.71

8 5.62

Source: Lowke, 1963.
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Table A 2.4

D rift velocity of e lectrons in hydrogen at 77. 6°K.

E/N W E/N W

3 x 10~2° 1.08 x 1 0 4 3 x 10~18 3.64 x 105

4 1.41 4 4.30

5 1.73 5 4.88

6 2.07 6 5.39

7 2.37 7 5.81

8 2.66 8 6.16

9 2.94 9 6.47

1 x 10 3.23
-17

1 x 10 6.74

2 5.72 2 8.73

3 7.61 3 1.03 x 106

4 9.25 4 1.17

5 1.07 x 105 5 1.31

6 1.23 6 1.44

7 1.37 7 1.56

8 1.49 8 1.68

9 1.60 9 1.80

1 X  10 1.72 1 x IO"16 1. 92

2 2.79

Source: Lowke, 1963.
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Table A 2. 5

D rift velocity of e lec trons in deuterium  at 293°K

E/N W E/N W

o  ,„ -1 9  2 x 10 3.25  x 104 6 x 10"18 4.30  x 10

3 4.62 8 4. 87

4 6.00 , -17 1 x 1 0 5.33

5 7.37 2 7.21

6 8.62 3 8.86

8 1.11 x 105 4 1. 04 x 10

1 x 10"18 1.37 5 1. 17

2 2. 21 6 1.28

3 2. 99 8 1.50

4 3.54 1 x 10-16 1.69

5 3. 98

Source: Table 6 .1

Table A 2. 6

o
D rift velocity of e lec trons in deuterium  at 77. 0 K.

-18Note: Below E/N = 5 x 10 these  data a re  approxim ate only because no 
account has been taken of the p re s su re  dependence of the values of W.

E/N W E/N W

8 x 10"20 2.70 x 104 5 x 10"18 4 .79  x 101

9 3 .00 6 5.06

1 x 10 3.31 7 5.30

2 6.10 8 5.50

3 8.46 9 5.68

4 1.08 x 105 1 x IO '17 5.86

5 1.28 2 7.51

6 1.47 3 9. 06

7 1.65 4 1.04 x 10

(Continued on next page)
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E/N W E/N w

8 1.82 5 1.17
9

„ -18
1.97 6 1.28

1 x 10 2.13 7 1.39
2 3.25 8 1.50
3 3.94 9 1.59
4

Source: Table 6. 2

4.43

Table A 2. 7

1 x 10-16 1.69

nDrift velocity of electrons in para-hydrogen at 77. 0°K.
—18Note: Below E/N = 4 x 10 these data are approximate only because no 

account has been taken of the pressure dependence of the values of W.

E/N W E/N W

2 x 10~19 5.75 x 104 7 x 1 0 '18 6.30 x 101
3 7.78 8 6.65
4 9.60 9 6. 95
5 1.13 x 105 1 x IO '17 7.20
6 1.30 2 8. 97
7 1.41 3 1.04 x 10
8 1.61 4 1.18
9 1.77 5 1.31
1 x 10"18 1. 92 6 1.44
2 3.16 7 1.56
3 4.10 8 1.68
4 4.85 9 1.79

5 5.45 1 x 10"16 1. 90

6 5.91

Source: Table 6.3.
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Table A 2. 8

First Townsend ionization coefficient in hydrogen at
293°K.

E/p
293 a T //p293

E/pp293 C^rp/Pr

15 0.0008 60 0.544

20 0.0071 65 0.639

25 0.0268 70 0.738

30 0.063 75 0.840

35 0.115 80 0.932

40 0.185 85 1.02

45 0.266 90 1.11

50 0.356 95 1.20

55 0.450 100 1.30

Source: Rose, 1956.
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APPENDIX 3.

PUBLICATIONS

(i) MThe extension of swarm techniques to the measurement of electron

energies for conditions near electrical breakdown” , R. W. Crompton, 

B. S. Liley, A. I. McIntosh and C. A. Hurst. Proceedings of the 

Seventh International Conference on Phenomena in Ionized Gases, 

Belgrade, 1965.

(ii) ’’Electron drift and diffusion in deuterium at 293°K” , A.I. McIntosh. 

Aust. J. Phys. , 19, 805 (1966)
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